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ABSTRACT

The propagation dynamics of light in optical waveguide arrays is characteristic of that encountered in discrete systems. As a result, it is possible to engineer the diffraction properties
of such structures, which leads to the ability to control the flow of light in ways that are
impossible in continuous media.
In this work, a detailed theoretical investigation of both linear and nonlinear optical wave
propagation in one- and two-dimensional waveguide lattices is presented.
The ability to completely overcome the effects of discrete diffraction through the mutual
trapping of two orthogonally polarized coherent beams interacting in Kerr nonlinear arrays
of birefringent waveguides is discussed. The existence and stability of such highly localized
vector discrete solitons is analyzed and compared to similar scenarios in a single birefringent
waveguide. This mutual trapping is also shown to occur within the first few waveguides of
a semi-infinite array leading to the existence of vector discrete surface waves.
Interfaces between two detuned semi-infinite waveguide arrays or waveguide array heterojunctions and their possible applications are also considered. It is shown that the detuning
between the two arrays shifts the dispersion relation of one array with respect to the other.
Consequently, these systems provide spatial filtering functions that may prove useful in
future all-optical networks. In addition by exploiting the unique diffraction properties of
discrete arrays, diffraction compensation can be achieved in a way analogous to dispersion
compensation in dispersion managed optical fiber systems.
iii

Finally, it is demonstrated that both the linear (diffraction) and nonlinear dynamics
of two-dimensional waveguide arrays are significantly more complex and considerably more
versatile than their one-dimensional counterparts. As is the case in one-dimensional arrays,
the discrete diffraction properties of these two-dimensional lattices can be effectively altered
depending on the propagation Bloch k-vector within the first Brillouin zone. In general, this
diffraction behavior is anisotropic and as a result, allows the existence of a new class of discrete elliptic solitons in the nonlinear regime. Moreover, such arrays support two-dimensional
vector soliton states, and their existence and stability are also thoroughly explored in this
work.
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CHAPTER 1: INTRODUCTION

The ability to manipulate and engineer the flow of light in order to perform intelligent
all-optical functions has become a topic of scientific and practical importance. All-optical
networks can eliminate the need for relatively slow electronic switching stations in favor of
optical switches and logic gates that can take full advantage of the bandwidth capabilities
of optical fibers thus significantly increasing the speed of communication systems. Arrays of
optical waveguides may very while be a prime candidate for achieving such operations.
Optical beams propagating in arrays of equally spaced identical waveguides encounter
a periodic spatial refractive index profile. To the light, this refractive index distribution
acts as a periodic potential, thus optical waves propagating in such a structure behave in
a manner that is analogous to electrons traveling through a semiconductor crystal. As a
direct result of their periodic nature, these array structures possess all of the fundamental
characteristics of a crystalline lattice such as allowed and forbidden bands and Brillouin zones
for example [1]. In addition, since light is confined within individual waveguides, the optical
field can be viewed as the superposition of a finite set of bound modes each having its own
unique propagation constant and modal profile [2]. Although the modal profiles themselves
are continuous, the over-all propagation dynamics can be approximated by considering only
the amplitude and phase of the mode [3]. Consequently, the wave propagation is effectively
discretized, and the underlying field evolution exhibits behavior characteristic of discrete
systems.
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The study of discrete dynamical systems was born in 1939 when Frenkel and Kontorova
used a discrete model to explain the motion of crystal dislocations [4]. Since then, discrete
nonlinear models have been employed in a diverse collection of scientific disciplines. They
have been used in solid state physics to describe heat transfer [5, 6], crystal lattice vibrations [7, 8], as well as structural phase transition dynamics in crystals [9, 10]. In biological
systems, they have been used in describing the contraction of protiens [11, 12] as well as
the localization and transport of vibrational energy in DNA molecules [13]. The nonlinear
localization of energy in a number of chemical and photochemical processes such as molecular chains [14], atomic lattices [15, 16], and hydrocarbon structures [17, 18] have also been
described using discrete models. Quite recently a discrete Schrödinger-like model was used
to predict the existence of self-trapped states in Bose-Einstein condensates (BECs) [19],
which were later verified experimentally [20]. Unfortunately with the exception of BECs,
the geometrical dimensions involved limit experimental approaches capable of observing the
predicted phenomena.
In optics, arrays of coupled waveguides provide an excellent environment in which discrete
dynamics can be readily investigated as well as observed. Through the process of optical
tunneling or coupling, light is transported from one waveguide site to adjacent waveguide
sites, which profoundly alters the overall diffraction behavior of the system. This so-called
discrete diffraction process in one-dimensional (1D) waveguide arrays was first addressed
theoretically in 1965 [21] and was experimentally observed in waveguide arrays fabricated in
gallium arsenide (GaAs) a few years later [67]. However, at the time it was not obvious how
one could take advantage of or suppress this diffraction process, therefore the field remained
dormant of many years.
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The study of systems of coupled waveguides was revived in 1988 when Christodoulides
and Joseph suggested the idea that light could self-localize in nonlinear optical waveguide
arrays [23]. This self-trapping occurs when the on-site nonlinearity exactly balances the
effects of discrete diffraction arising from linear coupling between adjacent waveguides. Consequently, the optical beam becomes confined within a few waveguide sites forming a discrete
soliton, i.e. a diffractionless beam that exhibits particle-like behavior. The possibility of observing discrete solitons (DSs) sparked a number of important theoretical studies [24, 25],
which revealed fundamental differences between these discrete entities and their continuum
counterparts. This flurry of activity culminated in 1998 with the first experimental observation of optical DSs in aluminum gallium arsenide (AlGaAs) waveguide arrays [26]. This
breakthrough lead to even more theoretical studies that predicted the existence of DSs in
materials having quadratic [27] and photorefractive [28] nonlinearities as well as in dissipative
systems [29, 30].
With the advancement of micro-fabrication technology, the fabrication of precise defectfree arrays has become possible. Equipped with these high quality samples, researchers have
been able to successfully observe a wide range of discrete phenomena in both the linear
and nonlinear regimes. In linear arrays, it has been shown that the diffraction properties
of the waveguide lattice can be strongly affected by the angle in which light is launched
into the system [31]. In addition, anomalous diffraction was observed in waveguide arrays
for the first time [32]. In the nonlinear regime, discrete solitons have been experimentally
observed in materials having quadratic [33] and photorefractive [34] nonlinearities in both
one and two dimensions. In addition, several classes of DSs, some entirely unique to discrete
systems, have been identified. These include bright and dark DSs in both self-focusing and
3

defocusing arrays that can be either in-phase or staggered [23, 26, 34–36], and higher-order
Floquet-Bloch solitons [37]. Stable dissipative DSs have also been observed in semiconductor
optical amplifiers greatly decreasing the power levels required for soliton formation [38].
Additional studies have suggested a variety of all-optical switching schemes that exploit
the interactions between DSs in discrete optical systems [39–47]. Perhaps the most interesting of these demonstrates that networks of intersecting arrays may be potentially useful in
terms of realizing intelligent functional operations such as signal routing and time gating [40].
The main goal of the work presented in this dissertation is to add theoretical predictions
for soliton existence and stability in materials having a Kerr-like nonlinearity to those already brought forth in this area. In addition, special consideration is given to the possible
applications of waveguide array hetero-junctions in array networks.
Chapter 2 gives a review of the basic theory of the underlying physics necessary to
understand wave propagation in both linear and nonlinear discrete optical systems. The
paraxial equations governing wave propagation in these structures are obtained. Coupled
mode theory is presented and used to find a discrete model for the evolution of the modal
electric fields. Finally, the linear and nonlinear properties of coupled waveguide systems are
discussed in detail.
The mutual trapping of two orthogonally polarized optical fields interacting in a Kerr
nonlinear birefringent waveguide array, i.e. vector discrete solitons, is the topic of Chapter
3. The existence and stability of highly-localized linearly polarized as well as elliptically
polarized soliton solutions is shown [48]. The stability of such discrete entities is compared
to similar scenarios occurring in a single birefringent waveguide.
Very recently, semi-infinite waveguide arrays have been shown to be a possible testbed
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in which nonlinear surface wave dynamics can be readily investigated both theoretically and
experimentally [49]. In Chapter 4, this idea is extented to mutually trapped waves within
the first few waveguides of a semi-infinite array leading to the existence of vector discrete
surface waves [50]. The existence and stability properties of linearly and elliptically polarized
vector surface wave solutions are thoroughly investigated.
Interfaces between two detuned semi-infinite waveguide arrays and their possible applications are considered in Chapter 5. Such a configuration creates an array hetero-junction
in which the detuning between the two lattices shifts the dispersion relation of one array
with respect to the other. Consequently, these systems provide spatial filtering functions
that may prove useful in future all-optical networks. In addition by exploiting the unique
diffraction properties of discrete arrays, diffraction compensation can be achieved in a way
analogous to dispersion compensation in dispersion managed optical fiber systems [51–54].
Chapter 6 focuses on linear and nonlinear optical dynamics in two-dimensional (2D) discrete waveguide arrays. We show that wave propagation in these 2D lattices is significantly
more complex than in their one-dimensional counterparts [55]. By employing coupled mode
theory, we demonstrate how the diffraction properties of a square 2D lattice can be manipulated according to the position of the Bloch k-vector within the Brillouin zone. Such 2D
discrete diffraction is, in general, anisotropic, therefore causing a beam to exhibit diffraction
behavior that is not possible in homogeneous systems. As we will show, in nonlinear arrays, this interesting process ultimately leads to the existence of a new class of DSs, namely
discrete elliptic solitons.
The properties of two-dimensional discrete vector solitons in nonlinear optical lattices is
investigated in detail in Chapter 7. The vector interactions in this system are described by
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a pair of discrete nonlinear Schrödinger equations (DNLS) that implicitly account for selfand cross- phase modulation effects [56]. In particular cases, we also consider the impact
of linear coupling on the two vector components. Using Newtonian relaxation methods, we
identify stationary vector solutions and examine their stability properties. The potential
instabilities as well as the parameter range where they occur are identified.
Finally, the major contributions of this work are summarized in Chapter 8
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CHAPTER 2: OPTICAL WAVE PROPAGATION IN
DIELECTRIC WAVEGUIDE ARRAYS

In order to understand optical wave dynamics in discrete waveguide array systems, the topic
of this work, it is necessary to first consider the theory of electromagnetic wave propagation
in linear and nonlinear arrays. The main goal of this chapter is to give a basic review of
how optical beams propagate through matter and obtains the equations that govern the
evolution of the electric field envelope in linear and nonlinear waveguide arrays. Section 2.1
gives a review of the Maxwell equations and the wave equation. The paraxial equations of
diffraction for the slowly varying envelope of the electric field propagating in a single linear
and nonlinear waveguide are derived in Sections 2.2.1 and 2.3.1. Perturbation theory is used
to obtain the equations of coupled mode theory in Section 2.4. In Section 2.5, the linear and
nonlinear properties of directional couplers are investigated. Finally, the basic propagation
dynamics in 1D waveguide arrays are reviewed in Section 2.6.

2.1 Optical Wave Propagation

This section provides a basic overview of the equations that govern optical wave propagation. These equations lay the foundations for the propagation dynamics of optical beams
in dielectric waveguide arrays. Further details related to the theories presented here can be
found in a number of text books [58–63].
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2.1.1

Maxwell’s Equations

As is the case with all electromagnetic phenomena, the propagation of optical waves
within a medium is governed by Maxwell’s equations [57, 61, 62],
∂ B~
∇ × E~ = −
∂t

(2.1)

~
~ = J~ + ∂ D
∇×H
∂t

(2.2)

~ = ρf
∇·D

(2.3)

∇ · B~ = 0

(2.4)

~ are that electric and magnetic field vectors, and D
~ and B~ are the electric and
where E~ and H
magnetic flux densities, respectively. The current density J~ and charge density ρf account
for sources of the electromagnetic field. In most cases, optical waveguides are fabricated
using nonmagnetic, dielectric media. These materials do not involve free charges that act as
sources for electromagnetic fields, thus J~ = 0 and ρf = 0.
~ and B~ arise as a result of the interaction between the electric and
The flux densities D
~ and B~ are related to E~
magnetic fields and the medium in which they are propagating. D
~ through the following constitutive relations [61, 62],
and H
~ = ε0 E~ + P
~
D

(2.5)

~ + M.
~
B~ = µ0 H

(2.6)

~ and M
~ are
where ε0 is the vacuum permittivity, µ0 is the vacuum permeability, and P
respectively the electric and magnetic polarizations induced in the medium by the fields.
~ = 0, therefore, for the remainder of this work it is assumed
For a nonmagnetic material M
~ = 0.
that J~ = ρf = M
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2.1.2

The Wave Equation

Maxwell’s equations can be used to obtain the evolution equation for the electromagnetic
field associated with an optical beam, better known as the wave equation [61, 62]. By taking
the curl of Eq. (2.1) and using Eqns.(2.2)-(2.6) and the vector identity,


2 ~
~
~
∇ × ∇ × A = −∇ A + ∇ ∇ · A ,

(2.7)

the wave equation for the electric field is given by

 1 ∂ 2 E~
~
∂2P
∇2 E~ − ∇ ∇ · E~ − 2 2 = µ0 2 ,
c ∂t
∂t

(2.8)

where c is the vacuum speed of light and the relation µ0 ε0 = 1/c2 was used. In general, the
vector field E~ can be decomposed into longitudinal (parallel to the propagation direction)
and transverse (perpendicular to the propagation direction) components. In many cases the


index homogeneity is weak, as a result, the term ∇ ∇ · E~ can be neglected [63]. This
assumption leads to the familiar wave equation, which is given by written as
∇2 E~ −

~
1 ∂ 2 E~
∂2P
=
µ
.
0
c2 ∂t2
∂t2

(2.9)

Before Eq.(2.9) can be used to describe the evolution of the electric field, a relation
~ and the electric field E~ must be established. As mentioned
between the electric polarization P
earlier, the electric polarization is the result of the interaction between the electric field and
the individual atoms of the material. As the electric field passes through matter, it displaces
the electron cloud around the nucleus thus inducing dipole moments. The average of these
dipole moments is what is called electric polarization. In most cases, the intensity of the
electric field is low enough that the response of the atoms is linear with respect to the field.
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However, if the intensity is increased to the point that the strength of the propagating electric
field becomes comparable to the electric field binding electrons to the nucleus, the material
response becomes nonlinear. In general, a quantum-mechanical approach is necessary to
~ However, when the optical frequency is far from a resonance (of the propagation
evaluate P.
medium), a phenomenological approach will suffice. This is precisely the case in the study of
“transparent” optical waveguides where wavelengths between 0.5µm and 2µm are of the most
interest. To account for nonlinear effects, phenomenologically the total electric polarization
can be written as [61, 62]


~ = ε0 χ̄
P

(1)

· E~ + χ̄

(2)

(3) .. ~ ~ ~

: E~E~ + χ̄ .E E E + · · ·


,

(2.10)

where χ̄(j) (j = 1, 2, · · · ) is the j th -order susceptibility tensor of rank j + 1 and E~ is the total
electric field. The linear susceptibility χ̄(1) provides the largest contibution to the electric
polarization. As will be shown in the next section, its effects are reflected in the refractive
index. In lossy systems χ̄(1) is complex, and the attenuation coefficent is also in response to
the linear susceptibility. The second-order susceptibility χ̄(2) leads to such nonlinear effects
as second-hamonic generation and sum-frequency generation [61,62]. However, χ̄(2) is zero in
materials whose molecular structure has a center of symmetry also known as centrosymmetric
materials. Since this work focuses on centrosymmetric media such as AlGaAs, χ̄(2) will not
play any role. In most cases, the strength of polarization induced decreases signifcantly as
the order of the effect increases. As a result, for the materials considered in this work, the
third-order susceptibility χ̄(3) , which is always non-zero, will dominate nonlinear effects. Its
effects lead to phenomena such as the Kerr effect (intensity dependent refractive index),
four-wave mixing (FWM), and third-harmonic generation [61, 62].
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Since linear polarization occurs irrespective of the field intensity, it is often convenient
~ into two parts such that,
to separate P
~ =P
~L + P
~ N L,
P

(2.11)

~ L is the linear and P
~ N L is the nonlinear part of the electric polarization vector. For
where P
Eq.(2.10), the linear part of the polarization is given by


L
(1) ~
~
P = ε0 χ̄ · E .

(2.12)

~ N L is related to E~ via
And the nonlinear part P


NL
(2) ~ ~
(3) .. ~ ~ ~
~
P
= ε0 χ̄ : E E + χ̄ .E E E + · · · ,

2.1.3

(2.13)

Vector Phasors

In general, the field vectors vary with both space and time. In the case of coherent
optical waves, there is a rapidly oscillating, time-harmonic component to the field’s time
dependence resulting from the carrier frequency ω. In many cases, such fields can be more
conveniently represented by vector phasors that depend on position and time but not on the
time harmonic part such that,
n
o
−iωt
~
~
A (x, y, z, t) = Re A (x, y, z, t) e
o
1 n~
−iωt
∗
iωt
~
,
A (x, y, z, t) e
+ A (x, y, z, t) e
=
2

(2.14)

~ (x, y, z, t) is the vector phasor that contains all the information about direction,
where A
magnitude (spatial and temporal envelopes), and phase. Substituting the form of Eq. (2.14)
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~ and by obtaining the equation involving only terms proportional
into Eq. (2.9) for E~ and P
~
to exp (−iωt) one gets the wave equation for the vector phasor E,
~− 1
∇2 E
c2

(

~
~
∂2E
∂E
~
−
i2ω
− ω2E
∂t2
∂t

)

(
= µ0

∂ P~
∂ 2 P~
−
i2ω
− ω 2 P~
∂t2
∂t

)
(2.15)

In the case of continuous wave (cw) optical beams considered in this work, the vector phasors
are independent of time. Therefore, ∂ 2 /∂t2 = ∂/∂t = 0 and Eq. (2.15) is simplified to give
~
the so called Helmholtz equation for the time-harmonic electric field E,
~ + k02 E
~ = −ω 2 µ0 P~ ,
∇2 E

(2.16)

√
where k0 = ω/c = ω µ0 ε0

2.1.4

The Poynting Vector Theorem

The power conveyed by a given electromagnetic wave can be found by considering the
Poynting vector theorem [63],
~
S~ = E~ × H,

(2.17)

~ are the instantaneous
where S~ is the instantaneous power flow density in [W/m2 ] and E~ and H
fields as functions of time. However, when dealing with time-harmonic electromagnetic waves
that oscillate at very high frequencies (such as optical beams), it is much more useful to
~ one can
consider the time average power flow density. Using the Eq. (2.14) for E~ and H
obtain the time average power flow [63]
h
i
~av = 1 Re E
~ ×H
~∗ .
S
2
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(2.18)

Therefore, the power conveyed by an optical wave can be found by integrating over the
transverse spatial profile of the beam. Thus,
ZZ
P =

i
1 h~
~ ∗ dxdy.
Re E × H
2

(2.19)

2.2 Wave Propagation in Linear Media

Let us assume an optical beam propagating in a lossless medium and that the power
conveyed is low enough so that the medium responds linearly. In this case, the wave equation
can be written as
~ + k02 E
~ = −ω 2 µ0 P~ L ,
∇2 E

(2.20)

~ L,
since the medium is assumed to be linear, P~ N L = 0 and from Eq (2.12) P
PiL = ε0

X

(1)

χij Ej (ω) ,

(2.21)

j
(1)

where χij is an element of the linear susceptibility tensor, Ej (ω) is a component of the electric
field at frequency ω, and i and j represent the permutations of the Cartesian coordinates
x, y and z [61, 62]. In general, an electric field of any polarization can be written as the
superposition of linearly polarized waves,
E~ = x̂Ex + ŷEy + ẑEz ,

(2.22)

where x̂, ŷ, and ẑ are the unit vectors in the x, y, and z directions, respectively. The
linear susceptibility tensor of an inhomogeneous material is of rank two having nine complex

13

elements,



(1)
χxx

(1)
χxy

(1)
χxz

(x, y)
(x, y)
(x, y)



(1)
(1)
(1)
χ̄(1) (x, y) = 
 χyx (x, y) χyy (x, y) χyz (x, y)


(1)
(1)
(1)
χzx (x, y) χzy (x, y) χzz (x, y)




,




(2.23)

where the tensor elements are functions of x and y to reflect the inhomogeneity of the
medium. However, the χ̄(1) tensor can be diagonalized by appropriately selecting the coordinate axes such that they correspond the principal axes of the material’s crystalline structure.
As a result, the x, y, and z components of the electric field propagate independently. Therefore in this principal coordinate system, the χ̄(1) tensor is written as


(1)

0
0
 χxx (x, y)


(1)
χ̄(1) (x, y) = 
0
0
χyy (x, y)



(1)
0
0
χzz (x, y)
(1)

(1)




,




(2.24)

(1)

where χxx , χyy , and χzz are the principal values of the susceptibility. Thus from Eq. (2.21),
~ L is found to be
P
(1)
(1)
~ L = x̂ε0 χ(1)
P
xx (x, y) Ex (ω) + ŷε0 χyy (x, y) Ey (ω) + ẑε0 χzz (x, y) Ez (ω)

(2.25)

~ and P~ L . Therefore, the
However, Eq. (2.20) is written in terms of the vector phasors E
~ must be found. By using Eq. (2.14) such that
relation between P~ L and E
1 n ~ −iωt ~ ∗ iωt o
~
E (ω) =
Ee
+E e
2
1 n ~ −iωt ~ ∗ iωt o
~
P (ω) =
Pe
+P e
,
2

(2.26)
(2.27)

~ is found to be
the relationship between P~ L and E
(1)
(1)
P~ L = x̂ε0 χ(1)
xx (x, y) Ex (ω) + ŷε0 χyy (x, y) Ey (ω) + ẑε0 χzz (x, y) Ez (ω)
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(2.28)

Substituting P~ L into Eq. (2.20), the vector wave equation for the electric field propagating
in a linear medium is given by
~ + k02 n̄2 (x, y) E
~ = 0,
∇2 E

(2.29)

where the refractive index n̄ is a rank two tensor defined using the dielectric constant,
n̄2 (x, y) = ε̄r (x, y) ≡ 1 + χ̄(1) (x, y). Thus,




2
n̄ (x, y) = 




n2xx



(x, y)

0

0

0

n2yy (x, y)

0

0

0

n2zz (x, y)




.




(2.30)

Optical beams and have a finite spatial extent and are “confined” in space according to
some spatial envelope or intensity profile. The evolution dynamics of this envelope can be
evaluated by assuming a plane wave solution for the electric field components of the form
~ = x̂ϕx (x, y, z) eikx z + ŷϕy (x, y, z) eiky z ,
E

(2.31)

where ϕx (x, y, z) and ϕy (x, y, z) are the spatial envelopes of the x-polarized and y-polarized
components of the electric field, respectively. The propagation constants kx and ky in the z
direction are those of the correspondingly polarized components of the optical beam [61,62].
Assume that ϕx (x, y, z) and ϕy (x, y, z) are slowly varying envelopes, i.e. the envelopes
change slowly (on a wavelength scale) with propagation distance z. Under this assumption,
the so-called slowly varying envelope approximation (SVEA) implies [61, 62]
ki

∂ϕi
∂ 2 ϕi

.
∂z
∂z 2

(2.32)

By substituting Eq. (2.31) into Eq. (2.29) and applying the SVEA, the evolution equation
that governs the propagation dynamics of the components of the electric field envelope is
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obtained,
i

1  2 2
∂ϕi
1 2
+
∇⊥ ϕi +
k n (x, y) − ki2 ϕi = 0,
∂z
2ki
2ki 0 ii

(2.33)

where i = x or y and ∇2⊥ = ∂ 2 /∂x2 + ∂ 2 /∂y 2 is the transverse Laplacian operator. This
Laplacian term describes the diffraction of the envelope. Equation (2.33) is also known as the
paraxial equation of diffraction for the electric field envelope ϕi (x, y, z). This equation can
be solved to determine the propagation dynamics of an optical beam in any linear medium.

2.2.1

Propagation in a Linear Waveguide

In most cases considered in this work, the elemental component of a waveguide array
is a cylindrical-like guiding region embedded within a bulk cladding material as shown in
Fig. 2.1(a). This guiding region is of the step-index type with radius a and refractive index
ncore as can be seen schematically in Fig. 2.1(b). The index difference between the core

Figure 2.1: (a) Schematical drawing of a cylindrical core region embedded in a bulk cladding
material. (b) The refractive index profile of the waveguide shown in (a).
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and cladding regions is δ = ncore − nclad . Furthermore, its refractive index profile n (x, y) is
assumed to be independent of the z coordinate. As an example of how the wave equation
of Eq. (2.33) can be used to solve practical linear problems, in this section we will outline
the derivation of the evolution equations that govern electromagnetic wave propagation in a
single optical waveguide.
For the purposes of this example, assume that the material in which the waveguide is
fabricated is lossless and isotropic, i.e. n = nxx = nyy = nzz ∈ <. Therefore, looking at the
embedded cylindrical waveguide shown in Fig. 2.1, the refractive index distribution is most
conveniently written in cylindrical coordinates as

n (x, y) = n (r) = n0 + δf (r) ,

(2.34)

where n0 is the cladding refractive index and f (r) is a cylindrical rectangular function of
radius a describing the step-index nature of the waveguide. In typical waveguides, the index
difference δ is of the order of ∼ 10−3 , therefore δ  1 and,
n2 (r) ' n20 + 2n0 δf (r) .

(2.35)

In addition, in weakly guiding waveguides the propagation constant in the z direction is
generally ki = k0 n0ii , where n0ii is the refractive index in the cladding region. Since an
isotropic medium is assumed, k = kx = ky = k0 n0 . Using Eq. (2.35) in (2.33) gives the
paraxial equation for the propagation of the slowly varying electric field envelope in a linear
waveguide,
i

∂ϕ
1
+ ∇2⊥ ϕ + k0 δf (r) ϕ = 0.
∂z
2k

(2.36)

In this case, the paraxial equation can be normalized with respect to the radius of the
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guiding region, a, such that X = x/a, Y = y/a, and Z = z/(ka2 ). Applying these normalizations to Eq. (2.36) gives
∂ϕ
~
1
i
+
∂Z 2



∂ 2ϕ
~
∂ 2ϕ
~
+
2
∂X
∂Y 2


+ gf (r) ϕ
~ = 0,

(2.37)

where g = k02 a2 n0 δ. This equation can then be solved numerically using the split-step Fourier
or beam propagation method (BPM) in order to see the dynamical evolution of the electric
field envelope. For example, if ϕ
~ (x, y, z) corresponds to the spatial profile of the waveguide
mode, by definition Eq. (2.37) will show that the field envelope propagates without changing.

2.3 Propagation in Nonlinear Media

When the power of an optical beam if sufficiently large, the propagation medium begins
to respond nonlinearly, and the nonlinear electric polarization is no longer negligible. This
sections presents the analysis of the wave equation in a centro-symmetric material and the
paraxial equation for the electric field envelope is obtained.
In a nonlinear system, the wave equation is written as
2~

∇ E+

~
k02 E

2

= −ω µ0




L
NL
~
~
P +P
.

(2.38)

From Eq. (2.28), the linear electric polarization can be substituted into Eq. (2.38) to give


~ + k02 E
~ = −ω 2 µ0 ε0 χ̄(1) (x, y) E
~ + P~ N L ,
∇2 E

(2.39)

where χ̄(1) (x, y) is again a function of x and y to account for inhomogeneous media. From
Eq. (2.13), the components of the nonlinear electric polarization are given by,
(
)
X (2)
X (3)
PiN L = ε0
χijk Ej (ω1 ) Ek (ω2 ) +
χijkl Ej (ω1 ) Ek (ω2 ) El (ω3 ) + · · · ,
jk

jkl

18

(2.40)

(2)

(3)

where χijk and χijkl are elements of the second and third order susceptibility tensors, respectively, Em (ωn ) represents a component of the electric field at the frequency ωn , and
the indices i, j, k, and l are again permutations of the x, y, and z coordinates [61, 62] In
addition, assume that the frequency of the electric field is far from any material resonances
(2)

(3)

to minimize nonlinear absorption, therefore χijk and χijkl are real. For a centrosymmetric
~ N L is given by
material and neglecting susceptibilities higher than third-order, P
PiN L = ε0

X

(3)

χijkl Ej (ω1 ) Ek (ω2 ) El (ω3 ) .

(2.41)

jkl

Assuming that the electric field is monochromatic and has the same form as in Eq. (2.22),
~ N L can be evaluated from Eq. (2.41). Since the paraxial approximation is being employed,
P
the z component of the electric field Ez can be neglected. Therefore, the permutations of the
coordinates involve only x and y, to give
~ N L = x̂ε0
P

X

(3)

χxjkl Ej (ω1 ) Ek (ω2 ) El (ω3 ) + ŷε0

X

(3)

χyjkl Ej (ω1 ) Ek (ω2 ) El (ω3 ) ,

(2.42)

jkl

jkl

where the assumption that the χ̄(3) tensor is homogeneous has been made.
~ must be
As in the linear case, a relationship between the vector phasors P~ N L and E
obtained. In order to determine this relationship, the electric field is written in phasor form
as in Eq. (2.26), thus
Ej (ω1 ) Ek (ω2 ) El (ω3 ) =
1
8

{ Ej (ω1 ) Ek (ω2 ) El (ω3 ) e−i(ω1 +ω2 +ω3 )t +

Ej (ω1 ) Ek∗ (ω2 ) El (ω3 ) e−i(ω1 −ω2 +ω3 )t

+

Ej∗ (ω1 ) Ek (ω2 ) El (ω3 ) e−i(−ω1 +ω2 +ω3 )t

+

Ej∗ (ω1 ) Ek∗ (ω2 ) El (ω3 ) e−i(−ω1 −ω2 +ω3 )t (2.43)

+

Ej (ω1 ) Ek (ω2 ) El∗ (ω3 ) e−i(ω1 +ω2 −ω3 )t

+

Ej (ω1 ) Ek∗ (ω2 ) El∗ (ω3 ) e−i(ω1 −ω2 −ω3 )t

+

Ej∗ (ω1 ) Ek (ω2 ) El∗ (ω3 ) e−i(−ω1 +ω2 −ω3 )t

+ Ej∗ (ω1 ) Ek∗ (ω2 ) El∗ (ω3 ) e−i(−ω1 −ω2 −ω3 )t }
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Because the electric field is assumed to be monochromatic, i.e. ω1 = ω2 = ω3 ≡ ω, only solutions to the wave equation (Eq. (2.38)) that are proportional to exp (−iωt) are of interest.
Therefore, only the terms that oscillate at frequency ω are kept and the i component of the
nonlinear electric polarization vector is found to be
ε0 X n (3)
(3)
χijkl (−ω; ω, −ω, ω) Ej Ek∗ El + χijkl (−ω; −ω, ω, ω) Ej∗ Ek El
8 jkl
o
n
(3)
(3)
+ χijkl (−ω; ω, ω, −ω) Ej Ek El∗ e−iωt + χijkl (ω; −ω, ω, −ω) Ej∗ Ek El∗ (2.44)

PiN L =

o
(3)
(3)
+ χijkl (ω; ω, −ω, −ω) Ej Ek∗ El∗ + χijkl (ω; −ω, −ω, ω) Ej∗ Ek∗ El eiωt .
Thus from Eq. (2.27), the vector phasor for the nonlinear polarization is
ε0 X n (3)
(3)
χijkl (−ω; ω, −ω, ω) Ej Ek∗ El + χijkl (−ω; −ω, ω, ω) Ej∗ Ek El
4 jkl
o
(3)
∗
+ χijkl (−ω; ω, ω, −ω) Ej Ek El

PiN L =

(2.45)

where the frequency dependence of the third order susceptibility tensor χ̄(3) has been taken
(3)

into account [61]. Assuming that Kleinman symmetry holds, the components χijkl are invariant with the interchange of indices thus greatly reducing the number of independent
elements in the tensor [61, 62]. This assumption also allows the frequency dependence of the
χ̄(3) tensor to be neglected. From Eq. (2.45), the x component the nonlinear polarization is
given by

ε0  (3)
2
(3)
(3)
3χxxxx |Ex |2 Ex + 2 χ(3)
xxyy + χxyxy + χxyyx |Ey | Ex
4
 2 ∗
2
(3)
(3)
(3)
+ χ(3)
xxyy + χxyxy + χxyyx Ey Ex + 3χxyyy |Ey | Ey

PxN L =


 2 ∗
2
(3)
(3)
(3)
(3)
(3)
+ 2 χ(3)
xxxy + χxyxx + χxxyx |Ex | Ey + χxxyy + χxyxy + χxyyx Ey Ex .
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(2.46)

In order to ensure the strongest χ̄(3) effects, cubic symmetric and isotropic media are most
often used to fabricate waveguide arrays. For materials that possess these types crystalline
symmetry, there are only four non-zero elements of the χ̄(3) tensor that play a role in the
(3)

(3)

nonlinear polarizations under paraxial conditions [61, 62]. Given that χxxxx = χyyyy , etc,
these are [64]
(3)
(3)
(3)
χ(3)
xxxx , χxxyy , χxyxy , χxyyx .

(2.47)

For cubic symmetric materials, these four elements of the χ̄(3) tensor are independent of
(3)

each other. In the specific case of isotropic media, χxxxx is dependent on the other elements,
(3)

(3)

(3)

(3)

χxxxx = χxxyy + χxyxy + χxyyx [64].
In general from Eq (2.46), the x-component of P~ N L can be simplified to give,
PxN L
(3)

3aε0
=
4


2b
b 2 ∗
2
|Ex | Ex +
|Ey | Ex + Ey Ex ,
3a
3a



(3)

2

(3)

(2.48)

(3)

where a = χxxxx and b = χxxyy + χxyxy + χxyyx . The exact same procedure can be used to
obtain the y-component of P~ N L ,
PyN L

3aε0
=
4


2b
b 2 ∗
2
|Ey | Ey +
|Ex | Ey + Ex Ey .
3a
3a



2

(2.49)

Substituting P~ N L into Eq. (2.39) gives two equations, one for Ex and one for Ey ,

3ak02
∇ Ex +
(x, y) Ex +
|Ex |2 Ex +
4

3ak02
2
2 2
∇ Ey + k0 nyy (x, y) Ey +
|Ey |2 Ey +
4
2

k02 n2xx

2b
|Ey |2 Ex +
3a
2b
|Ex |2 Ey +
3a


b 2 ∗
E E
= 0 (2.50)
3a y x

b 2 ∗
E E
= 0. (2.51)
3a x y

The third order nonlinear effects described by Eqs. (2.50) and (2.51) include self-phase and
cross-phase modulation (SPM and XPM) and four wave mixing (FWM). SPM describes
the nonlinear phase shift the field induces on itself and is proportional to |Ei |2 Ei . XPM is
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proportional to |Ej |2 Ei and is an additional phase shift on the field that results form the
nonlinear polarization induced by the other electric fields present. Finally, FWM ∝ Ej2 Ei∗



leads to coupling between different fields. Additionally, the preceding procedure can also be
used to find the evolution equations describing other nonlinear phenomena such as nonlinear
absorption and higher order effects.
In many cases, it is customary to quantify the SPM coefficient for a given electric field
component in the refractive index by introducing the parameter n2 (the optical Kerr coefficient) such that the nonlinear wave equations can be written as [61, 62]

3ak02 2b
|Ey |2 Ex +
∇ Ex +
(x, y) Ex +
4
3a

3ak02 2b
2
2 2
∇ Ey + k0 ñyy (x, y) Ey +
|Ex |2 Ey +
4
3a
2

k02 ñ2xx


b 2 ∗
E E
= 0
3a y x

b 2 ∗
E E
= 0,
3a x y

(2.52)
(2.53)

where
ñ2ii (x, y) = n2ii (x, y) +

3a
|Ei |2 .
4

(2.54)

Assuming that
ñii (x, y) = n̂ii (x, y) + n2i (x, y) |Ei |2

(2.55)

and that n̂ii  n2i , we obtain
ñ2ii (x, y) = n̂2ii (x, y) + 2nii (x, y) n2i (x, y) |Ei |2 .

(2.56)

Therefore, the values of n̂ii and n2i are found to be,
n̂ii (x, y) = nii (x, y)
n2i (x, y) =

3a
3
=
χ(3)
,
8nii (x, y)
8nii (x, y) xxxx

(2.57)
(2.58)

If n2i > 0, the nonlinearity is said to be self-focusing. This name stems form the fact that
the beam tends to localize in the high index region induced by the center of the beam, thus
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the beam is effectively focused by this process. This work will focus only on self-focusing,
χ̄(3) nonlinearities.
Finally, the nonlinear wave equations for the x and y components of the electric field are
∇2 Ex + k02 n2xx (x, y) Ex
+2k02 nxx



2b
b
(x, y) n2x (x, y) |Ex | Ex +
|Ey |2 Ex + Ey2 Ex∗
3a
3a
2


=0

(2.59)

= 0.

(2.60)

∇2 Ey + k02 n2yy (x, y) Ey
+2k02 nyy



2b
b
(x, y) n2y (x, y) |Ey | Ey +
|Ex |2 Ey + Ex2 Ey∗
3a
3a
2



As was done earlier in the linear case, consider an optical beam whose electric field has
the plane wave form
~ = x̂ϕx (x, y, z) eikx z + ŷϕy (x, y, z) eiky z ,
E

(2.61)

where as before ϕx (x, y, z) and ϕy (x, y, z) are the spatial envelopes and kx and ky are the
propagation constants of the x-polarized and y-polarized components of the electric field.
~ into Eqs. (2.59) and (2.60) and applying the
Substituting the x and y components of E
SVEA, the nonlinear paraxial equations for ϕx and ϕy are
∂ϕx
1 2
1  2 2
+
∇⊥ ϕx +
k0 nxx (x, y) − kx2 ϕx
∂z
2kx
2kx


2b
b 2 ∗ −i2∆kz
k02
2
2
|ϕx | ϕx +
|ϕy | ϕx + ϕy ϕx e
=0
+nxx (x, y) n2x (x, y)
kx
3a
3a
∂ϕy
1 2
1  2 2
i
+
∇⊥ ϕx +
k0 nyy (x, y) − ky2 ϕy
∂z
2kx
2ky


k02
2b
b 2 ∗ i2∆kz
2
2
+nyy (x, y) n2y (x, y)
|ϕx | ϕy + ϕx ϕy e
= 0,
|ϕy | ϕy +
ky
3a
3a

i

where ∆k = kx − ky .
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(2.62)

(2.63)

2.3.1

Propagation in a Nonlinear Waveguide

Now that the paraxial equations for propagation in a nonlinear material have been obtained, they can be used to study nonlinear propagation problems. This section will provide
an example of how the optical Kerr effect in a waveguide structure can be investigated.
Once again consider, the wave guiding structure of Fig. 2.1 and assume that it is fabricated in a lossless, isotropic medium. Also, to avoid multiple nonlinear interactions assume
that the propagating electric field is polarized along a single direction, say x, such that
~ = x̂ϕ (x, y, z) eikz ,
E

(2.64)

Therefore from Eq. (2.62) , the paraxial equation can be written as
i

1
∂ϕ
1  2 2
k2
+ ∇2⊥ ϕ +
k0 n (x, y) − k 2 ϕ + nn2 0 |ϕ|2 = 0,
∂z
2k
2k
k

(2.65)

where form Eq (2.35), the refractive index distribution of the waveguide is n2 (x, y) =
n2xx (x, y) ' n20 + 2n0 δf (r). Since δ  n0 , the nonlinear refractive index is approximately
constant n2 = n2x = 3a/8n0 . Also, in the weakly guiding limit k = kx = k0 n0 . Thus, Eq
(2.65) can be simplified to
i

∂ϕ
1
+ ∇2⊥ ϕ + k0 δf (r)ϕ + k0 n2 |ϕ|2 ϕ = 0.
∂z
2k

(2.66)

This nonlinear paraxial equation can also be normalized with respect to the radius of the
guiding region, a, such that X = x/a, Y = y/a, and Z = z/(ka2 ). After the application of
these normalizations, Eq. (2.66) becomes


∂ϕ 1 ∂ 2 ϕ
∂2ϕ
i
+
+
+ gf (r) ϕ + m |ϕ|2 ϕ = 0,
2
2
∂Z 2 ∂X
∂Y

(2.67)

where g = k02 a2 n0 δ and m = k02 a2 n0 n2 . Thus, using BPM techniques, Eq. (2.67) can be
numerically solved to obtain the evolution of the envelope ϕ as the optical beam propagates.
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2.4 Coupled Mode Theory

In general, optical wave propagation in any system can be described using the wave equation. However, it is often difficult to gain a fair amount of intuition about wave propagation
from the wave equation itself without numerical simulation. This is particularly true when
studying systems of coupled waveguides where the array structure is embedded in the refractive index profile of the system. Therefore, it is important to establish a simpler model
for describing such cases.
In a coupled waveguide system such as waveguide arrays, two or more waveguides are
placed is close proximity to each other. Each one of these guides possesses its own set of
propagation modes that satisfy the orthogonality conditions between modes [63]. When
the waveguides are placed close to another, they perturb each other. As long as these
perturbations are small, the propagation characteristics can be analyzed using perturbation
methods [63].
Consider the unperturded waveguide cross-section in Fig. 2.2(a). Assuming that the
electromagnetic fields are time harmonic (∝ exp (−iωt)), they satisfy the following Maxwell’s
equations in the unperturbed waveguide,
~ = iωµ0 H
~
∇×E

(2.68)

~ = −iωεE,
~
∇×H

(2.69)

~ and H
~ are the unperturbed fields,
where the equations have been written in phasor form, E
and ε is the permittivity distribution of the unperturbed waveguide. When another waveguide is placed close by as in Fig. 2.2(b), the waveguide as well as the fields are slightly
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Figure 2.2: (a) Cross-section of the unperturbed guiding region. (b) Another waveguide is
placed near the first one thus perturbing the system.

perturbed. Therefore, the perturbed fields satisfy
~ 0 = iωµ0 H
~0
∇×E

(2.70)



~ 0 = −iω ε0 E
~ 0 + P~ 0N L ,
∇×H

(2.71)

~ 0 and H
~ 0 are the perturbed fields, ε0 is the perturbed linear permittivity that acwhere E
counts for the distribution of the entire perturbed system, and P~ 0N L describes the nonlinear
perturbations resulting from the propagating fields.
Let the unperturbed field consist of a single waveguide mode n such that
~ = ~en (x, y) eiβn z
E

(2.72)

~ = ~hn (x, y) eiβn z ,
H

(2.73)
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where ~en (x, y) and ~hn (x, y) are the transverse field profiles and βn is the propagation constant
of mode n. Therefore from the Poynting vector theorem, the power conveyed by mode n is
found to be
1
Pn =
2

ZZ 

~ent × ~h∗nt · ẑds.

(2.74)

S

The perturbed optical field can be written as the superposition of all the supported modes
of the guiding structure. Thus, the perturbed fields are
~0 =
E

X

~0 =
H

X

am (z)~em (x, y) eiβm z

(2.75)

am (z) ~hm (x, y) eiβm z ,

(2.76)

m

m

where ~em (x, y) and ~hm (x, y) are the transverse field profiles, βm is the propagation constant,
and am (z) is the complex amplitude of mode m. The goal is to obtain an expression that
describes the evolution dynamics of the complex modal amplitudes am (z).
Using the Lorentz reciprocity theorem [?], it can be shown that
ZZ

Z∞ Z∞
∂ n ~ ∗ ~ 0 ~ 0 ~ ∗o
~0 · E
~ ∗ dxdy
Et × Ht + Et × Ht · ẑds = iω
(ε0 − ε) E
∂z
−∞ −∞
Z∞ Z∞

S

+ iω

(2.77)

~ ∗ dxdy
P~ 0N L · E

−∞ −∞

~ t, H
~ t, E
~ t0 , and H
~ t0 are the transverse field vectors of the perturbed and unperturbed
where E
fields. Substituting Eqs. (2.72), (2.73), (2.75), and (2.76) into Eq. (2.77) gives


 ZZ 


X  dam
~e∗nt × ~hmt + ~emt × ~h∗nt · ẑds
e−i(βn −βm )z − i (βn − βm ) am e−i(βn −βm )z

 dz
m
S

=

iω

X

am e−i(βn −βm )z

m

Z∞ Z∞

(ε0 − ε)~emt · ~e∗nt dxdy

−∞ −∞

Z∞ Z∞
+ iω
−∞ −∞

27

P~ 0N L · ~e∗nt e−iβn z dxdy

(2.78)

However, from the orthogonality condition for the waveguide modes [?]
ZZ 

~e∗nt × ~hmt + ~emt × ~h∗nt · ẑds = 0 for m 6= n.

(2.79)

S

Therefore, Eq. (2.78) can be simplified to
dan
dz

Z∞ Z∞
ZZ 

X
~e∗nt × ~hnt + ~ent × ~h∗nt · ẑds = iω
am e−i(βn −βm )z
(ε0 − ε)~emt · ~e∗nt dxdy
m

S

−∞ −∞

Z∞ Z∞
+ iω

P~ 0N L · ~e∗nt e−iβn z dxdy.

(2.80)

−∞ −∞

The surface integral is evaluated from the power conveyed in mode n in Eq. (2.74). It is
easily seen that
ZZ 

∗
∗
~
~
~ent × hnt + ~ent × hnt · ẑds = 4Pn

(2.81)

S

Thus, Eq. (2.80) becomes
Z∞ Z∞
ω X
dan
−i(βn −βm )z
=i
am e
(ε0 − ε)~emt · ~e∗nt dxdy
dz
4Pn m
+i

ω
4Pn

−∞ −∞
Z∞ Z∞

P~ 0N L · ~e∗nt e−iβn z dxdy.

(2.82)

−∞ −∞

Define the linear coupling coefficient κmn as
κmn

ω
≡
4Pn

Z∞ Z∞

(ε0 − ε)~emt · ~e∗nt dxdy.

(2.83)

−∞ −∞

Finally, the evolution of the amplitudes of the waveguide modes obeys the following coupled
mode equation
X
ω
dan
=i
κmn am e−i(βn −βm )z + i
dz
4Pn
m

Z∞ Z∞

P~ 0N L · ~e∗nt e−iβn z dxdy,

−∞ −∞

where P~ 0N L is given by Eqs. (2.48) and (2.49)


3aε0
2b 0 2 0
b 02 0∗
0N L
0 2 0
Px
=
|Etx | Etx +
E
Etx + Ety Etx
4
3a ty
3a


3aε0
b 02 0∗
2b 0 2 0
0N L
0 2 0
Py
=
|E | Ety + Etx Ety .
Ety Ety +
4
3a tx
3a
28

(2.84)

(2.85)
(2.86)

Strictly speaking, the evaluation of the nonlinear polarization P~ 0N L can be rather complex
~ t0 is the sum of all the modes of all the waveguides. Therefore,
since the perturbed field E
the nonlinear interactions between all the modes have to be taken into account. However,
the nonlinear perturbation to a given waveguide is dominated by the nonlinear interactions
between the modes within that particular waveguide. The interactions with modes from
other waveguides are significantly smaller, since these modes interact via their evanescent
fields.
If the waveguides are assumed to be single moded the with mode n, the dominate contribution to the nonlinear perturbation will be for m = n and all other contributions can be
neglected as mentioned above. Consequently, the quantity P~ 0N L · ~e∗nt exp (−iβn z) will be
Px0N L · e∗ntx e−iβnx z
=

4



b
2b
|any |2 anx + a2ny a∗nx e−i∆βn z
|anx | anx +
3a
3a

2nxx (x, y) n2x (x, y) |entx |

2


(2.87)

Py0N L · e∗nty e−iβny z
=

4



2nyy (x, y) n2y (x, y) |enty |


b 2 ∗ i∆βn z
2b
2
|any | any +
|anx | any + anx any e
,
3a
3a
2

(2.88)

where, from the intensity dependent refractive index (Eq. (2.58)),
3a
= 2nii (x, y) n2i (x, y)
4

(2.89)

Thus, substituting into Eq. (2.84) gives the coupled mode equations for x and y polarized
fields propagating in waveguide n are


X
2b
dEnx
b 2 ∗
2
2
i
+ βnx Enx +
κmnx Emx + γx |Enx | Enx +
|Eny | Enx + Eny Enx = 0 (2.90)
dz
3a
3a
m


X
dEny
b 2 ∗
2b
2
2
i
+ βny Eny +
κmny Emy + γy |Eny | Eny +
|Enx | Eny + Enx Eny = 0, (2.91)
dz
3a
3a
m
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where the components of the complex modal field amplitudes Enx and Emx are given by
Enx = anx eiβnx z

(2.92)

Eny = any eiβny z .

(2.93)

The nonlinear coefficients γx and γy are introduced as
γx

ωε0
=
2Pn

γy =

ωε0
2Pn

Z∞ Z∞
−∞ −∞
Z∞ Z∞

nxx (x, y) n2x (x, y) |entx |4 dxdy

(2.94)

nyy (x, y) n2y (x, y) |enty |4 dxdy

(2.95)

−∞ −∞

And, just to reiterate

κmnx

ω
≡
4Pn

κmny ≡

ω
4Pn

Z∞ Z∞
−∞ −∞
Z∞ Z∞

(ε0 − ε) emtx · e∗ntx dxdy

(2.96)

(ε0 − ε) emty · e∗ntx dxdy.

(2.97)

−∞ −∞

2.5 Directional Coupler

A directional coupler is formed when two single-mode waveguides n and m are placed in
close proximity of each other as shown is Fig. 2.3(a). If the separation distance D is small
enough, the evanescent field of the waveguide mode in one of the guides will overlap the
other waveguide as shown in Fig. 2.3(b). This overlap leads to optical tunneling that excites
the mode of the other waveguide thus transferring the optical energy from on waveguide
to the other [63, 65–67]. As will be shown, the efficiency with which this transfer occurs
depending on many factors such as the distance between waveguide centers, the extent of
the evanescent fields and the propagation constants of the two waveguides.
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Figure 2.3: (a) Schematic drawing of two embedded waveguides place close together forming
a directional coupler. The green arrow depicts the low power coupling from one waveguide
to the other. At high power, the waveguides become detuned and coupling does not occur
(red arrow). (b) When the separation D between the waveguide centers is small enough, the
evanescent field of the waveguide mode overlaps the other guide. This overlap causes energy
transfer from one core to the other to occur via optical tunneling.

For demonstration purposes, assume that the waveguide material is lossless and isotropic
and the electric fields are polarized along the x direction. Therefore from coupled mode
theory, the evolution of the modal field amplitude is waveguide n obeys,
i

X
dEn
+ βn En +
κmn Em + γ |En |2 En = 0
dz
m

(2.98)

The two waveguides can be labeled 1 and 2 and a set of coupled mode equations can be
written for both waveguides.
dE1
+ β1 E1 + κ11 E1 + κ21 E2 + γ |E1 |2 E1 = 0
dz
dE2
i
+ β2 E2 + κ12 E1 + κ22 E2 + γ |E2 |2 E2 = 0
dz
i

(2.99)
(2.100)

However, κ11  κ21 and κ22  κ12 [63] therefore these terms are neglected. So under the
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assumed conditions, the coupled mode equations describing the directional coupler are
dE1
+ β1 E1 + κ21 E2 + γ |E1 |2 E1 = 0
dz
dE2
i
+ β2 E2 + κ12 E1 + γ |E2 |2 E2 = 0.
dz
i

(2.101)
(2.102)

The coupling coefficients are given by
κ21

ω
≡
4P1

κ12 ≡

ω
4P2

Z∞ Z∞
−∞ −∞
Z∞ Z∞

(ε0 − ε) e2 · e∗1 dxdy

(2.103)

(ε0 − ε) e1 · e∗2 dxdy,

(2.104)

−∞ −∞

where e1 and e2 are the transverse mode profiles of the fundamental mode of waveguide 1
and 2, respectively and P1 and P2 are the powers conveyed by the fundamental modes of
waveguide 1 and 2. P1 and P2 are given by
1
P1 =
2
P2 =

1
2

ZZ
ZSZ

(e1 × h∗1 ) · ẑds.

(2.105)

(e2 × h∗2 ) · ẑds.

(2.106)

S

In this work, all waveguides are assumed to have a cylindrical core as in an optical fiber.
Therefore, the modal analysis for a cylindrical fiber holds here. Considering the field profile
of the LP01 mode of a single-mode fiber, it can be shown as in Appendix A that, in the case
of coupled fibers, the coupling coefficient has the following analytical form [68–70],
√
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K0 (Wq D)
κpq = ap ap aq
K1 (Wp ap ) K1 (Wq aq )
(
)
Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )


×
,
a2p Up2 + Wq2
Up Uq
4∆p ∆q
Vq

p
4

Vp
Vq

(2.107)

where Iν and Kν are respectively modified Bessel functions of the first and second kind and
order ν. See Appendix A for the definitions of the parameters.
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The nonlinear coefficient γ can be estimated by approximating the transverse modal field
envelopes with Gaussian functions such that e1 = e2 = exp (−r2 /W 2 ). Since the electric
fields are assumed to have the form of plane waves, it can be shown that [71],
1
P1 = P2 =
2η0
where η0 =

p

Z2π Z∞

n (r) e−r

2 /W 2

rdrdθ.

(2.108)

0 −∞

µ0 /ε0 is the vacuum intrinsic impedance and n (r) is the refractive index

distribution of the waveguide. Thus from Eq. (2.94), the nonlinear coefficient is given by
R2π R∞
γ'

0 −∞
ωε0 η0 n2 2π ∞
R R

e−4r

2 /W 2

rdrdθ
=

−2r2 /W 2

e

rdrdθ

k0 n 2
,
2

(2.109)

0 −∞

√
where k0 = ω µ0 0 , and because the index difference δ is small, n2 and n are assumed to be
approximately constant, i.e. n2 = 3a/8n0 ' 3a/8(n0 + δ) and n = n0 ' n0 + δ. As a result,
the coupled mode equations that describe the directional coupler can be written as
k0 n 2
dE1
+ β1 E1 + κ21 E2 +
|E1 |2 E1 = 0
dz
2
dE2
k0 n 2
i
+ β2 E2 + κ12 E1 +
|E2 |2 E2 = 0.
dz
2
i

2.5.1

(2.110)
(2.111)

Linear Propagation

Under linear conditions, the coupled mode equations are
dE1
+ β1 E1 + κ21 E2 = 0
dz
dE2
i
+ β2 E2 + κ12 E1 = 0.
dz
i
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(2.112)
(2.113)

Let the fundamental modes in the waveguides have the form,
E1 = a (z) eiβ1 z

(2.114)

E2 = b (z) eiβ2 z ,

(2.115)

where a and b are the complex amplitudes and β1 and β2 are the propagation constants of
the modes in waveguides 1 and 2, respectively. Assuming the κ = κ21 ' κ12 (applicable if
the two waveguides are similar), analytical solutions for a (z) and b (z) can be found to be []


 κ 
κ 
δ
z + iF b0 + a0 sin
z
a (z) = e
a0 cos
F
2κ
F



κ 
 κ 
δ
iδz/2
b (z) = e
b0 cos
z + iF a0 − b0 sin
z
,
F
2κ
F
−iδz/2



(2.116)
(2.117)

where a0 and b0 are the initial modal field amplitudes at z = 0, δ = β1 − β2 is the amount
of detuning between the propagation constants of the individual channels, and
1

F =p

1 + δ 2 /4κ2

(2.118)

In order to gain an understanding of linear coupling between two waveguides, consider
the special case in which only one waveguide is initially excited, i.e. a0 6= 0, b0 = 0. In this
case from Eqs. (2.116) and (2.117), the modal amplitudes are given by


κ 
 κ 
δ
a (z) = e
a0 cos
z + iF a0 sin
z
F
2κ
F
n
 κ o
b (z) = eiδz/2 iF a0 sin
z .
F
−iδz/2

(2.119)
(2.120)

Figure 2.4 shows the power in channel 1 as a function of propagation distance z for different
values of the detuning δ. If the two waveguides are identical (δ = 0), power is periodically
coupled from waveguide 1 to waveguide 2 as shown in the black curve. Notice that at some
propagation distance the power in channel 1 is zero. This shows that in the case of identical
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Figure 2.4: The power in waveguide 1 as a function of propagation distance z for different
values of the detuning δ between the propagation constants of the two channels, δ/κ = 0:
black curve, δ/κ = 2: blue curve, δ/κ = 4: red curve.

waveguides, there is complete power coupling from one waveguide to the other. As the
detuning is increased, the power coupling oscillates faster and less power is coupled as shown
in the blue and red curves for δ/κ = 2 and δ/κ = 4. It is often customary to define the
so-called coupling length, Lc , as the propagation distance at which maximum power transfer
is achieved and is given by,
Lc =

π
F.
2κ
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(2.121)

2.5.2

Nonlinear Propagation

At higher powers, material nonlinearity has a profound impact on the propagation dynamics. The nonlinear contribution to the refractive index due to the Kerr effect causes
a change in the propagation constant of the LP01 mode. Thus, the mode itself induces
waveguide detuning. Assuming identical waveguides (δ = 0), the modal field amplitudes
obey
k0 n 2
dE1
+ βE1 + κE2 +
|E1 |2 E1 = 0
dz
2
dE2
k0 n 2
i
+ βE2 + κE1 +
|E2 |2 E2 = 0.
dz
2
i

(2.122)
(2.123)

In general, these equations can be solved analytically using elliptic functions [72]. Alternatively, they can also be numerically integrated using the Runge-Kutta method to show how
power is coupled between the guides. In fact, at sufficient power levels little or no power is
coupled [72]. At a certain critical power, Pc , the power will be split equally between the two
waveguides after some propagation distance [72]. This critical power is given by
Pc =

8κ
.
k0 n 2

(2.124)

Figure 2.5 shows how the power coupling from channel 1 is affected as the power is increased.
Low power linear coupling is shown in the black curve. The blue curve shows the propagation
dynamics at the critical power. Notice that in this case, the power remains constant at half
the total input power after a certain distance z. If the power is increased beyond Pc (red
curve), very little power is coupled from the waveguide and the period of the oscillation
is much shorter than that of the linear case. These nonlinear phenomena have been used
to propose optical switching schemes [73, 74]. In response to this prospective application,
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Figure 2.5: The power in waveguide 1 as a function of propagation distance z for Pin = 0.25Pc
(quasi-linear propagation) in the black curve, Pin = Pc in the blue curve, and Pin = 4Pc in
the red curve.

nonlinear directional couplers have been extensively studied both theoretically [72, 75–78]
and experimentally [79–84].

2.6 Waveguide Arrays

A waveguide arrays are formed by placing more than two waveguides in close proximity
to each other. In such a structure, several identical, cylindrical core regions are embedded
inside a bulk cladding material creating an array of single mode, step-index waveguides as
depicted in Fig. 2.6. The cores are equally spaced by a distance D such that, for any given
core, the evanecent field of the fundamental mode overlaps with the adjacent guiding regions.
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As a result of this overlap, energy is coupled away from this guide and into its neighbors.

Figure 2.6: Schematic drawing of a 1D waveguide array. The green arrow depicts how interwaveguide occurs. The red arrow shows localization in a single waveguide at high power
levels.

Considering an optical beam polarized along a single direction, the evolution of the
electric field envelope is governed by the paraxial equation:
iϕz +

1 2
kδ
5⊥ ϕ + f (x, y)ϕ + k02 n2 |ϕ|2 ϕ = 0,
2k
n0

(2.125)

where ϕ is the electric field envelope, k = 2πn0 /λ0 , n0 is the refractive index of the cladding,
δ is the linear index difference between the core and cladding, and the function f (x, y)
represents the normalized linear refractive index distribution of the waveguide array. In
the case of high mode-confinement, the electric field can be effectively discretized via the
tight-binding approximation or coupled mode theory as dicussed in Section 2.4. Thus, using
coupled-mode theory, the underlying dynamics of Eq. (2.125) can be accurately described
by the following discrete nonlinear Schrödinger equation (DNLS) [85]:
i

∂En
k0 n 2
+ βEn + κ (En+1 + En−1 ) +
|En |2 En = 0,
∂z
2
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(2.126)

where En and β are the amplitude and propagation constant of the modal field in the nth
waveguide, respectively and κ is the coupling strength between nearest neighbor waveguides.
Other long range couplings are much lower, therefore they are neglected.

2.6.1

Linear Diffraction Properties

At low power levels, power coupling throughout the array occurs, and this process is
known as discrete diffraction. In the linear regime, the amplitudes of the modal field envelopes obey the following coupled mode equation,
i

∂En
+ βEn + κ (En+1 + En−1 ) = 0.
∂z

(2.127)

Single Waveguide Excitation
The differences in wave propagation dynamics between the array and homogeneous media
become apparent when a single waveguide is excited, i.e.



 E0 : n = 0
En =
.


 0 : n 6= 0

(2.128)

In the case of a single waveguide excitation, one can show that the field evolution is analytically given by [21, 67]:
En (z) = in E0 Jn (2κz) exp(iβz)

(2.129)

Figure 2.7 shows the evolution of the field when only the central waveguide is excited. As the
beam propagates, the maximum intensity is located in two main lobes that are diffracting
away from the central waveguide. This is a striking difference compared to bulk media in
which the maximum intensity is always located in the center of the beam.
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Figure 2.7: Discrete diffraction in a 1D waveguide array for a single waveguide excitation

Diffraction of a Discrete Field Envelope
In addition to a single waveguide excitation, the dynamics of finite beams exciting a number
of waveguides is also of interest. In order to investigate the diffraction properties of a dicsrete
field envelope propagating in a waveguide array, first consider a infinite plane wave of the
form
En = ϕn einkx D eikz z .

(2.130)

In Eq. (2.130), kx D corresponds to the phase difference between adjacent waveguides and
defines a Bloch k-vector within the Brillouin zone. Experimentally, this phase difference is
most often achieved by simply launching the beam into the array at a slight angle θ [31], but
a phase mask can also be used. Using basic geometry, one can show that this launch angle
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is determined by
sin (θ) =

kx D
,
k0 D

(2.131)

where k0 = 2π/λ0 and λ0 is the vacuum wavelength.
Substituting Eq. (2.130) into Eq. (2.127) gives

kz = β + 2κ cos eikx D + e−ikx D = β + 2κ cos (kx D) ,

(2.132)

which is the so-called dispersion relation for a 1D array [86, 87]. Figure 2.8 shows a plot of
the dispersion relation in the first Brillouin zone (−π ≤ kx D ≤ π).

Figure 2.8: The sinusoidal dispersion relation of a 1D waveguide array

Now assume an optical beam having a discrete spatial envelope ϕn such that the electric
field has the form
En = ϕn einkx0 D = ϕn eikx0 Dx/D .
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(2.133)

Substituting this form for the electric field into Eq. (2.127) gives the coupled mode equation
that describes the dynamical evolution of the discrete field envelope ϕn :
i


∂ϕn
+ βϕn + κ ϕn+1 eikx0 D + ϕn−1 e−ikx0 D = 0.
∂z

(2.134)

The propagation dynamics of the discrete envelope can be described in the continuous
regime by applying the following Taylor series expansion or continuum approximation:
ϕn±1 = ϕ ± Dϕx +

D2
ϕxx ,
2

(2.135)

where D is the waveguide separation, and ϕx and ϕxx are respectively the first and second
derivatives of ϕ with respect to x. Applying this expansion to Eq. (2.134) one finds the
following continuous evolution equation for the field envelope,

i

∂ϕ
∂ϕ
+ vx
∂z
∂x


+ αϕ + γ

∂2ϕ
= 0,
∂x2

(2.136)

where the coefficients vx , α, and γ are given by
vx = 2κD sin (kx0 D)

(2.137)

α = β + 2κ cos (kx0 D)

(2.138)

γ = κD2 cos (kx0 D)

(2.139)

The parameter vx gives the transverse velocity of the beam as it propagates in the array.
Therefore, for input angles that give a nonzero value of vx , the beam will “slide” along the
array in the transverse direction. α gives the propagation constant of the beam. Finally, γ is
the diffraction coefficient and describes how fast the beam spreads during propagation. Its
sinusoidal form profoundly alters wave propagation within these periodic arrays. Perhaps
the most intriguing consequence of this is diffraction management [31]. Since diffraction is
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proportional to a cosine curve, the diffraction properties of a beam can be tailored depending
on its initial Bloch momentum vector. In this case, diffraction can be made zero for kx0 D =
π/2 for example. In addition, the diffraction coefficient γ can even be negative leading to
anomalous diffraction [31, 32].

Figure 2.9: Discrete diffraction of a 1D discrete Gaussian beam

Figure 2.9(a) shows the linear propagation of a discrete optical field having a Gaussian
shape envelope launched striaght into the array, i.e. kx0 D = 0. In this case, the diffraction
behavior is more like that in the continuous case, where the maximum of the field envelope
is always in the center. However, the field is confined in the waveguides, thus the diffraction
is discrete. If the same beam is launched at a slight angle such that kx0 D = π/2 as shown
in Fig. 2.9(b), the beam travels along the transverse direction and the effects of diffraction
are minimized although a small amount of third order diffraction can be seen.
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2.6.2

Nonlinear Propagation

As in the directional coupler, material nonlinearity also plays a significant role in waveguide arrays. In a self-focusing Kerr nonlinear material, the propagation of the electric field
envelope obeys,
iϕz +

kδ
1 2
5⊥ ϕ + f (x, y)ϕ + k0 n2 |ϕ|2 ϕ = 0.
2k
n0

(2.140)

In arrays as mentioned earlier in Eq. (2.127), the evolution of the modal field amplitudes in
this case can be described by the following coupled mode equation:

i

∂En
k0 n 2
+ βEn + κ (En+1 + En−1 ) +
|En |2 En = 0.
∂z
2

(2.141)

Single Waveguide Excitation
Intuition about how wave propagation in a waveguide array is affected by material Kerr
nonlinearity can be gained by again considering a single waveguide excitation. Figure 2.10
shows the power confined within the excited channel as a function of the propagation distance
for various input power levels. The black curve shows that the power in the excited waveguide
decays with the propagation distance as a result of the quasi-linear discrete diffraction. Most
of the power is radiated away in the two main lobes of the diffraction pattern shown in Fig.
2.7. However, as the power is increased to the critical power Pc (blue curve) given in Eq.
(2.124), we see that initially there is a strong decay of the power. However, this decay lessens
after about one coupling length. At four times the critical power, all of the optical energy
remains confined in the excited waveguide during propagation after some initial oscillations
as shown in the red curve of Fig. 2.10. This localization into a single waveguide suggests
that discrete solitary states or discrete solitons exist in such Kerr nonlinear arrays [23].
44

Figure 2.10: The power confined in the excited waveguide of a nonlinear waveguide array as
a function of the propagation distance for quasi-linear propagation (black curve), the critical
power (blue curve) and four times the critical power (red curve).

Discrete Solitons
In a Kerr nonlinear material, the refractive index depends on the intensity of the optical
beam. Thus, as the power in an optical beam is increased, the refractive index is locally
perturbed. This disrupts the periodicity of the array structure creating a local defect. Light
can localize within the this defect due to the detuning between itself and the other channels
of the array. When the detuning effects of the material nonlinearity exactly balance the
effects of discrete diffraction, a beam can propagate without diffraction or being focused,
hence a discrete soliton is formed.
Since the DNLS of Eq. (2.141) is non-integrable, exact discrete soliton (DS) solutions
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can only be found using numerical methods. However, approximate analytical solutions can
be found by reducing the DNLS to the continuum limit using Taylor series expansion as was
done in Section 2.6.1 to describe linear diffraction in arrays. After applying the expansions
to Eq. (2.141), we find

i

∂ϕ
∂ϕ
+ vx
∂z
∂x


+ αϕ + γ

∂ 2 ϕ k0 n 2 2
+
|ϕ| ϕ = 0,
∂x2
2

(2.142)

where the coefficients vx , α, and γ are again given by
vx = 2κD sin (kx0 D)

(2.143)

α = β + 2κ cos (kx0 D)

(2.144)

γ = κD2 cos (kx0 D) .

(2.145)

Therefore, assuming that the DS solution has the form for kx0 D = 0
En = ϕn eiµz ,

(2.146)

the discrete field envelope ϕn can be found to be approximately [88, 89]

ϕn ' A0 sech
where x = nD was used and A0 =

nD
w0


,

(2.147)

p
4κ/k0 n2 w02 is the amplitude, µ = κ/w02 is the prop-

agation constant, and w0 is the width of the soliton. The propagation of a soliton beam
having a similar shape as the Gaussian beam in Fig. 2.9(a) is shown in Fig. 2.11. Notice
that there are no significant changes to the beam shape and amplitude of the soliton beam
during propagation.
Although the DS shown in Fig. 2.11 is of the bright, in-phase type, there are a number
for different families of bright DS that exist in waveguide arrays. Figure 2.12 shows the
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Figure 2.11: A 1D discrete soliton propagates without diffraction

different shapes of the various types of bright DSs [90]. The in-phase solutions are found at
the base of the Brillouin zone where kx D = 0 while the staggered solutions exist at the edge
of the Brillouin zone where there is a π phase shift between the complex modal amplitudes
of adjacent waveguides, i.e. kx D = π. When the maximum of the discrete field envelope
is centered on a waveguide site, the solution is said to be odd. The solution is considered
to be even if the maximum is centered between two waveguide sites. However, only the
odd solitons exhibit stability against perturbations. Below a certain power threshold, the
so-called twisted modes are also unstable, but in most cases, the growth of perturbations is
slower than in the case of even modes making them slightly more stable [90].
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Figure 2.12: A summary of the families of bright discrete solitons. The circles denote the
centers of the waveguides.
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CHAPTER 3: DISCRETE VECTOR SOLITONS IN AlGaAs
WAVEGUIDE ARRAYS

Nonlinear systems also support the propagation of diffractionless beams that are formed
through the mutual trapping of two or more distinct waves called vector solitons [91]. Vector
solitons can exist via the nonlinear interactions between optical fields of different polarization and frequency [92–96]. In material with a slow responding nonlinearity, beams with
mutually incoherent wavefronts can also form such entities [97]. These multi-component,
self-trapped states have also been predicted in optical waveguide arrays exhibiting either
Kerr or quadratic nonlinearity [?, 98–100], hence they are known as vector discrete solitons. However, these studies have only investigate this discrete class of vector soliton in the
presence of SPM and XPM nonlinear effects. However, in the case of coherent excitation
involving two polarizations, the effects of FWM must be taken into account. In this chapter,
we will investigate vector DSs involving TE an TM polarized components and their stability
in Kerr nonlinear AlGaAs waveguide arrays while taking into account the effects of FWM.

3.1 Governing Equations

In this section, we will provide the equations governing vector interactions in a Kerr
nonlinear AlGaAs waveguide array. To do so, consider two linearly polarized, coherent
waves propagating in an AlGaAs waveguide array similar to that used to observe scalar
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solitons [26]. The wavelength used to excite this nonlinear array is taken to be λ0 = 1.55µm.
This wavelength is below half the band gap to minimize nonlinear absorption effects. At this
wavelength, the effective cross-sectional area of each waveguide is typically Aef f = 4.7µm2 .
The nonlinear refractive index is defined with respect to the electric field intensity as is
taken to be n̂2 = 1.5 × 10−13 cm2 /W [101]. The coupling constant between neighboring
channels is κ = 0.336mm−1 and the linear birefringence in every waveguide is estimated to
be nx − ny = 1.8 × 10−4 . It is also assumed that the slow axis (nx ) is associated with the
TE polarization.
From the coupled mode equations Eqs. (2.90) and (2.91), the evolution dynamics of the
fields can be described by the following pair of discrete evolution equations:

i

dXn
k0 n 2 
+ βx Xn + κ (Xn+1 + Xn−1 ) +
|Xn |2 Xn + A |Yn |2 Xn + BYn2 Xn∗ = 0
dz
2
k0 n 2 
dYn
+ βy Yn + κ (Yn+1 + Yn−1 ) +
i
|Yn |2 Yn + A |Xn |2 Yn + BXn2 Yn∗ = 0.
dz
2

(3.1)
(3.2)

In the above equations, Xn and Yn are the TE and TM polarized electric fields, respectively.
(3)

The coefficients A and B are given by A = 2b/3a and B = b/3a, where a = χxxxx and
(3)

(3)

(3)

b = χxxyy + χxyxy + χxyyx . From the χ̄(3) tensor for AlGaAs b/a = 3/2, therefore A = 1 and
B = 0.5.
In order to make use of the coupled mode equations above, it is beneficial to simplify
and normalize equations Eqs. (3.1) and (3.2). For the first step in this process, let Xn =
Un exp(iβx z) and Yn = Vn exp(iβy z), therefore


dUn
k0 n 2
1 2 ∗ −i2∆βz
2
2
i
+ κ (Un+1 + Un−1 ) +
|Un | Un + |Vn | Un + Vn Un e
= 0 (3.3)
dz
2
2


dVn
k0 n 2
1
i
+ κ (Vn+1 + Vn−1 ) +
|Vn |2 Vn + |Un |2 Vn + Un2 Vn∗ ei2∆βz
= 0, (3.4)
dz
2
2
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where ∆β = βx − βy = k0 (nx − ny ) is the difference between the propagation constants of
the x and y components of the electric field. These equations can be simplified further by
letting θ = ∆β/2, Un = ψn exp(−iθz), and Vn = ϕn exp(iθz). Substituting into Eqs. (3.3)
and (3.4) gives,

k0 n 2
dψn
+ θψn + κ (ψn+1 + ψn−1 ) +
|ψn |2 ψn + |ϕn |2 ψn +
i
dz
2

k0 n 2
dϕn
− θϕn + κ (ϕn+1 + ϕn−1 ) +
|ϕn |2 ϕn + |ψn |2 ϕn +
i
dz
2


1 2 ∗
ϕ ψ
= 0
2 n n

1 2 ∗
ψ ϕ
= 0,
2 n n

(3.5)
(3.6)

where the birefringence of the system is now reflected in θ. Finally, Eqs. (3.5) and (3.6)
can be normalized with respect to the birefringence such that ξ = θz. In addition, the
electric fields are scaled ψn = ρan and ϕn = ρbn where ρ =

p
2θ/k0 n2 . Thus, the normalized

equations governing the propagation of the two orthogonally polarized fields in the array are
given by:
i

dan
+ an + c (an+1 + an−1 ) + |an |2 an + |bn |2 an +
dξ
dbn
i
− bn + c (bn+1 + bn−1 ) + |bn |2 bn + |an |2 bn +
dξ

1 2 ∗
b a = 0
2 n n
1 2 ∗
a b = 0,
2 n n

(3.7)
(3.8)

where an and bn are the normalized slowly varying field envelopes of the x and y polarized
waves and are related to the actual fields via (an , bn ) = [n2 / (nx − ny )]1/2 (ψn , ϕn ). The
nonlinear refractive index used in Eqs. (3.7) and (3.8) is given by n2 = nˆ0 n2 /2η0 where n̂2
is the nonlinear refractive index defined with respect to the intensity of the electric field and
n0 = 3.3 is the refractive index of the cladding region []. The normalized coupling coefficient
is given by c = 2κ/ [k0 (nx − ny )] and is assumed to be the same for both polarizations. The
normalized distance ξ is related to the actual z coordinate via ξ = k0 z (nx − ny ) /2. The
first nonlinear term is Eqs. (3.7) and (3.8) represents SPM, the second XPM and the last
FWM.
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3.1.1

Vector Beam Instabilities in a Single Waveguide

In order to gain some insight into the dynamical properties of vector wave propagation in
the presence of SPM, XPM, and FWM, first consider two linearly polarized, coherent waves
propagating in a single birefringent waveguide. From Eqs. (3.5) and (3.6), the evolution of
the two orthogonally polarized beams in a birefringent waveguide obeys the following set of
coupled mode equations,

dEx
k0 n 2
i
+ θEx +
|Ex |2 Ex + |Ey |2 Ex +
dz
2

dEy
k0 n 2
i
− θEy +
|Ey |2 Ey + |Ex |2 Ey +
dz
2


1 2 ∗
E E
= 0
2 y x

1 2 ∗
E E
= 0.
2 x y

Normalizing such that ξ = θz, Ex = ρL ψx and Ey = ρL ψy , where ρL =

(3.9)
(3.10)

p
2θ/k0 n2 , gives

the normalized equations governing the propagation of the two linearly polarized fields in a
single waveguide,
dψx
+ ψx + |ψx |2 ψx + |ψy |2 ψx +
dξ
dψy
i
− ψy + |ψy |2 ψy + |ψx |2 ψy +
dξ

i

1 2 ∗
ψ ψ = 0
2 y x
1 2 ∗
ψ ψ = 0.
2 x y

(3.11)
(3.12)

The stability the TE and TM polarized modes during propagation in the presence of
FWM can be investigated using linear stability analysis. This analysis is more straight
forward when circular polarizations are employed, i.e.
C+ + C−
√
2
C− − C+
= i √
,
2

Ex =

(3.13)

Ey

(3.14)

where C+ and C− are the field amplitudes for the right-hand circular and left-hand circular
components of the electric field. Substituting these forms into Eqs. (3.9) and (3.10) gives
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the coupled mode equations for the two circularly polarized modes,

k0 n 2 3
dC+
+ θC− +
|C+ |2 C+ + 3 |C− |2 C+ −
i
dz
4
2

k0 n 2 3
dC−
+ θC+ +
|C− |2 C− + 3 |C+ |2 C− −
i
dz
4
2


1 2 ∗
C C
= 0
2 − +

1 2 ∗
C C
= 0,
2 + −

(3.15)
(3.16)

Eqs. (3.15) and (3.16) can be also normalized with respect to the birefringence ξ = θz, and
the electric fields are scaled C+ = ρC ψ+ and C− = ρC ψ− where ρC =

p

4θ/k0 n2 . Thus,

the normalized equations governing the propagation of the two circularly polarized fields are
given by:
dψ+
+ ψ− +
dξ
dψ−
i
+ ψ+ +
dξ
i

3
|ψ+ |2 ψ+ + 3 |ψ− |2 ψ+ −
2
3
|ψ− |2 ψ− + 3 |ψ+ |2 ψ− −
2

1 2 ∗
ψ ψ = 0
2 − +
1 2 ∗
ψ ψ = 0,
2 + −

(3.17)
(3.18)

Let the waveguide be initially excited by a TE polarized mode, thus
ψ+ = ψ− = A0 eiµξ ,

(3.19)

where A0 is the initial normalized field amplitude and is assumed to be real, and µ is the
normalized propagation eigenvalue of the TE mode. Substituting into Eq. (3.17) or (3.18),
the propagation constant µ is found to be
µ = 1 + 4A20 .

(3.20)

Now let there be a small perturbation to the TE mode, therefore
0
ψ+
= (A0 + ε) ei(1+4A0 )ξ

(3.21)

0
ψ−
= (A0 − ε) ei(1+4A0 )ξ .

(3.22)

2

2
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Again from Eq. (3.17) or (3.18) and neglecting terms proportional to ε2 since ε is very small,
an equation for the evolution of the perturbations is found:
i

dε
− 2ε − 2A20 ε∗ = 0
dξ

(3.23)

Assume that the perturbation ε is given by
ε = u0 cos (νξ) + iv0 sin (νξ) ,

(3.24)

where ν is the eigenvalue associated with the perturbations. After equating the real and
imaginary parts, substitution of this form in to Eq. (3.23) gives the following equations,
Re :


2 1 + A20 u0 + νv0 = 0

(3.25)

Im :


νu0 + 2 1 − A20 v0 = 0.

(3.26)

This system of equations is satisfied if the determinant of the coefficients of u0 and v0 equals
zero. Therefore in order for Eqs. (3.25) and (3.26) to be satisfied simultaneously,

ν 2 = 4 1 − A40 .

(3.27)

From Eq. (3.24), the perturbation is proportional to exp (iνξ). Consequently, perturbation will grow exponentially with propagation distance if ν has an imaginary part. This
being the case, from Eq. (3.27) A0 must be less than 1 for stable propagation of the TE
mode. The question is now what does A0 < 1 correspond to in terms of the normalized
linear polarizations ψx and ψy ? Using Eqs. (3.13) and (3.14) that relate the actual linearly
polarized fields to the actual circularly polarized fields, the relationship between ψx , ψy , ψ+ ,
and ψ− is
ρC ψ+ + ψ−
√
= ψ+ + ψ−
ρL
2
ρC ψ− − ψ+
√
ψy = i
= i (ψ− − ψ+ ) .
ρL
2
ψx =
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(3.28)
(3.29)

Thus, the TE (x-polarized) mode is stable for ψx < 2 or for a power Px = |ψx |2 < 4.
The preceding stability analysis can be verified by solving Eqs. (3.11) and (3.12) using
the Runge-Kutta method. Figure 3.1(a) shows the stable propagation of the TE mode (blue
curve) when initially ψx = 1.9 and ψy = 0. As the input power increases such that ψx > 2,
power is coupled from the TE mode to the TM mode as can be seen in Figs. 3.1(b) and (c).
Figures 3.1(b) and (c) also show that as the input power is increased the amount of power
exchange between the two polarizations is increased and the rate at which this coupling
occurs also increases with the input power. Figure 3.1(b) shows the evolution of the TE
(blue curve) and TM (red curve) power levels when initially ψx = 2.1 and ψy = 0. Notice
that about 10% of the TE power is coupled into the TM polarization and this exchange
occurs twice in a propagation distance z ≈ 7cm. However if the power is increased even
further to ψx = 2.9 and ψy = 0 as in Fig. 3.1(c), more than 50% of the power is coupled
back and forth between the TE and TM modes. Furthermore, this exchange occurs more
frequently (about seven times) in the same propagation distance. Following the exact same
procedure the TM mode is found to be stable for |ψy | < 2 also.

3.2 Discrete Vector Soliton Solutions

As mentioned earlier, the evolution of two linearly polarized waves interacting in a Kerr
nonlinear waveguide array obey the following normalized, discrete coupled equations:

i

dan
+ an + c (an+1 + an−1 ) + |an |2 an + A |bn |2 an + Bb2n a∗n = 0
dξ
dbn
i
− bn + c (bn+1 + bn−1 ) + |bn |2 bn + A |an |2 bn + Ba2n b∗n = 0,
dξ
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(3.30)
(3.31)

Figure 3.1: The evolution of the TE (blue curve) and TM (red curve) for differenct input
powers, (a) ψx = 1.9 and ψy = 0 (b) ψx = 2.1 and ψy = 0 and (c) ψx = 2.9 and ψy = 0.
As the input power increases, the amount of coupling increases and the oscillations become
faster.
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To reiterate, in these equations, an and bn are the envelopes of the TE and TM polarized
waves, respectively. The coefficients A and B describe the respective ratios of cross-phase
modulation and four-wave-mixing (FWM) to the self-phase modulation coefficient, k0 n2 /2.
Calculated from the χ̄(3) tensor for AlGaAs, A = 1 and B = 0.5. ∆β = k0 (nT E − nT M )
reflects the difference in the propagation constants of the TE and TM polarized waves due
to the birefringence of the system. In the case considered, nT E − nT M ≈ 1.8 × 10−4 and the
coupling coefficient between adjacent sites for both polarizations is κ ≈ 0.336 mm−1 .
In order to identify the vector discrete solitons of this system, assume that the soliton
solutions have the form
an = xn eiqξ

(3.32)

bn = yn eiqξ ,

(3.33)

where xn and yn are real soliton amplitudes for the TE and TM polarizations, respectively
and q is the soliton propagation eigenvalue. Moreover since xn and yn are the soliton envelopes, by definition they are constant with propagation distance z. Substitution of this
vector soliton form into Eqs. (3.30) and (3.31) results in the following nonlinear difference
equations:
− axn + c (xn+1 + xn−1 ) + x3n + (A + B) yn2 xn = 0

(3.34)

−byn + c (yn+1 + yn−1 ) + yn3 + (A + B) x2n yn = 0,

(3.35)

where a = q − 1 and b = q + 1.
These equations can be solved using Newtonian relaxation techniques in order to find
the vector discrete soliton solutions. As is the case in the continuum limit, several families
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of vector solitons exist; some of them exhibiting rather complex structures. However for the
purposes of this work, only the most primitive vector DS classes (every component involves
in-phase bright-like solutions [102]) will be considered. Once the vector DS solutions are
obtained, the corresponding families can be mapped on a P − ∆ diagram like the one shown
in Fig. 3.2, where
P = (nx − ny )


Aef f X
|an |2 + |bn |2
n̂2

(3.36)

is the total power in the waveguide array as conveyed by both polarizations, and
∆ = θq =

(nx − ny ) k0
q
2

(3.37)

is the soliton eigenvalue. The stability properties of these vector soliton families can then be
investigated using linear stability analysis.
By inspecting the eigenvalues (Ω) associated with soliton perturbations, we find that
the TE family of one-component discrete solitons is stable up to a critical power of 238
W . At this point, a bifurcation into two solution branches occurs as can be seen in Fig.
3.2. After the split, the upper branch (red line) is the continuation of the now unstable
single-component TE family while the lower branch (blue line) corresponds to a new family
of stable linearly polarized (in-phase TE and TM components) vector discrete solitons. A
somewhat similar scenario occurs for the TM polarized family. In this case, however, the
entire TM family is always unstable in its range of existence. At a critical power of 257 W , a
new branch of elliptically polarized (TE and TM components are out of phase by π/2) vector
discrete solitons begins to emerge. However, this class is also unstable leaving the linearly
polarized family of vector discrete solitons as the only solutions to exhibit stability. Although
this is reminiscent of similar behavior occurring in birefringent bulk systems [102,103], there
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Figure 3.2: Bifurcation diagrams for the linearly polarized (solid line) and elliptically polarized (dashed line) vector discrete solitons as well as for the scalar TE (dotted line) and TM
(dotted-dash line).

are important aspects that are due to discreteness. For example from what was shown in
Section 3.1.1, when propagating in a single waveguide both the TE and TM polarizations
become unstable after a certain critical power (|an |2 , |bn |2 ≥ 4 or 225 W in this case) due to
polarization instabilities [104, 105] . Yet, the linearly polarized vector discrete solitons are
stable even at high power levels where they are very highly localized. This stabilization is
the result of the coupling between waveguide sites.
It is important to note that in the regimes where vector DSs are highly confined, their
discrete field amplitudes can be well approximated by analytical solutions by assuming the
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envelope has exponentially decaying tails such that for the linearly polarized family
xn = A0 e−ν|n|

(3.38)

yn = B0 e−µ|n| ,

(3.39)

By substituting these last expressions into Eqs. (3.34) and (3.35) and by writing these
equations for n = 0 we obtain
1
a − A20 − (A + B) B02
c
1
b − B02 − (A + B) A20 .
=
c

2e−ν =

(3.40)

2e−µ

(3.41)

By considering these equations at n = 1 gives
a
= 0
c
b
= 0,
eµ + e−µ −
c

eν + e−ν −

(3.42)
(3.43)

where it is assumed that the solution is so highly confined that nonlinear parts for n = 1 are
very small, thus they are neglected. Therefore from Eqs. (3.42) and (3.43),
a
c
b
= .
c

eν + e−ν =

(3.44)

eµ + e−µ

(3.45)

These equations give ν and µ:

q−1
ν = cosh
2c


q+1
−1
µ = cosh
.
2c
−1



(3.46)
(3.47)

Using Eqs. (3.44) and (3.45) in Eqs. (3.40) and (3.41) gives
A20 + (A + B) B02 = 2c sinh (ν)

(3.48)

B02 + (A + B) A20 = 2c sinh (µ) .

(3.49)
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By solving these two equations, A0 and B0 are found to be
2c {(A + B) sinh (µ) − sinh (ν)}
(A + B)2 − 1
2c {(A + B) sinh (ν) − sinh (µ)}
,
=
(A + B)2 − 1

A20 =

(3.50)

B02

(3.51)

where c = 2κ/ [k0 (nx − ny )] is the normalized coupling coefficient. Thus for a given value
of the soliton eigenvalue q, all the relevant quantities can be directly obtained for these
equations. These expressions provide an excellent approximation for the highly confined
linearly polarized vector DSs considered in this work.
The same procedure can be used to find analytical solutions for the highly confined
elliptically polarized family. In this case, the TE and TM polarizations are out of phase by
π/2 and therefore can be written as
xn = A0 e−ν|n|

(3.52)

yn = B0 e−µ|n| e(iπ/2) .

(3.53)

The constants ν and µ are the same

q−1
ν = cosh
2c


q+1
−1
.
µ = cosh
2c
−1



(3.54)
(3.55)

And the amplitudes A0 and B0 are given by
2c {(A − B) sinh (µ) − sinh (ν)}
(A − B)2 − 1
2c {(A − B) sinh (ν) − sinh (µ)}
=
.
(A − B)2 − 1

A20 =

(3.56)

B02

(3.57)

Plots of the Gaussian dressed amplitudes of the TE and TM components involved a
linearly polarized vector DSs are shown Figs. 3.3(a) and (b) when ∆ ' 2.6 mm−1 and for
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∆ ' 5.1 mm−1 in Figs. 3.3(c) and (d). Figures 3.4(a) and 3.4(b) respectively depict the
stable propagation of the TE and TM components of a highly confined, linearly polarized
vector discrete soliton with ∆ = 10.6mm−1 in the AlGaAs array being considered. In the
case shown, the power conveyed by TE polarization is 766W and approximately 540W in
the TM. The stability of this vector DS is also verified by considering the eigenvalues, Ω,
of the perturbed system. The eigenvalues are plotted in the complex plane as shown in
Fig. 3.4(c). Since all of the eigenvalues are real, none of the perturbations will grow, hence
the beam is stable in agreement with the simulations of Figs. 3.4(a) and 3.4(b). Note
that in the absence of either one of the two components no vector DS forms and diffraction
occurs instead. These vector soliton states were also found to exhibit robustness even when
the relative phase difference ΦT E − ΦT M is of the order of ±20◦ , however power exchange
between the TE and TM components is expected to occur as a result of FWM effects.
Similarly, the stability properties and evolution dynamics of elliptically polarized vector
DSs were also considered as shown in Fig. 3.5. In this figure, the TE component carries
92W and the TM 330W for ∆ ≈ 2.2mm−1 . The corresponding eigenvalues of the perturbed
problem are shown in Fig. 3.5(c) where the presence of a complex quartet can be clearly seen.
These complex eigenvalues lead to the breakup of the soliton components seen in Figs. 3.5(a)
and 3.5(b). In this case, the TM component becomes destabilized and couples most of its
power into the TE polarization. Furthermore, Fig. 3.5(a) shows that a significant amount
of power is lost to radiation. The theoretical predictions presented here are in excellent
agreement with the experimental work performed by Joachim Meier [48].
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Figure 3.3: The magnitude of the (a) TE and (b) TM components of a vector DS having
∆ ' 2.6 mm−1 as well as for the (c) TE and (d) TM components of a vector DS with ∆ ' 5.1
mm−1
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Figure 3.4: Stable propagation of the (a) TE component and (b) TM component of a linearly
polarized vector discrete soliton. (c) The eigenvalues of the perturbed problem.
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Figure 3.5: Unstable propagation of the (a) TE component and (b) TM component of an
elliptically polarized vector discrete soliton. (c) The eigenvalues of the perturbed problem.
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CHAPTER 4: DISCRETE VECTOR SURFACE WAVES

In general, surface waves are states that exist along the interface between two different media.
In the linear regime, plasmon/polariton waves are perhaps the best known example of such
entities. These TM polarized surface waves exist where a metal and a dielectric are bond
together. Nonlinear surfaces waves attracted considerable attention in the 80’s [106–112].
Although surface waves between two different linear, isotropic dielectrics are not known to
exist, in the presence of nonlinearity, both TE and TM polarized (as well as multi-component)
surface waves are possible. Unfortunately, due to the difficultly of exciting such surface
waves, no experimental work has been able to definitively confirm any of these theoretical
predictions.
Fortunately, semi-infinite waveguide arrays may provide a testbed in which nonlinear
surface wave dynamics can be readily investigated both theoretically and experimentally [49].
In a semi-infinite waveguide array, nonlinear surface states are possible in the first few
waveguides of the array, i.e. at the interface with the continuous region as shown in Fig. 4.1.
This chapter will focus on two-component nonlinear surface waves comprised of both TE and
TM polarizations (i.e. discrete vector surface waves) localized in the first few waveguides of
a semi-infinite waveguide array.

66

Figure 4.1: The refractive index profile of a semi-infinite waveguide array.

4.1 Governing Equations

As a demonstration example, consider an AlGaAs waveguide array identical to that used
to investigate vector discrete solitons in Chapter 3. The coupling coefficient between adjacent
waveguide sites is again assumed to be κ = 0.336 mm−1 , the nonlinear Kerr coefficient
is taken to be n̂2 = 1.5 × 10−13 cm2 /W and the linear birefringence in every channel is
nx − ny = 1.8 × 10−4 . In addition, the operating wavelength is taken to be λ0 = 1.55 µm
so as to avoid multi-photon absorption effects. The effective cross-sectional area of each
waveguide for λ0 = 1.55 µm in this array is Aef f = 4.7 µm2 . For the purposes of this
discussion, the TE polarization will be associated with the slow axis (nx ).
From Eqs. (3.1) and (3.2), the discrete field amplitudes of the two orthogonally polarized
waves are found to evolve according to the following pair of discrete equations:

i

dXn
k0 n 2 
+ βx Xn + κ (Xn+1 + Xn−1 ) +
|Xn |2 Xn + A |Yn |2 Xn + BYn2 Xn∗ = 0
dz
2
k0 n 2 
dYn
i
+ βy Yn + κ (Yn+1 + Yn−1 ) +
|Yn |2 Yn + A |Xn |2 Yn + BXn2 Yn∗ = 0,
dz
2

(4.1)
(4.2)

wehre for AlGaAs A = 1 and B = 0.5. In the above equations, Xn and Yn are respectively
the slowly varying field amplitudes of the TE and TM polarized waves.
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Normalizing the equations in the same why as in the case of vector DSs gives,
i

dan
+ an + c (an+1 + an−1 ) + |an |2 an + |bn |2 an +
dξ
dbn
i
− bn + c (bn+1 + bn−1 ) + |bn |2 bn + |an |2 bn +
dξ

1 2 ∗
b a = 0
2 n n
1 2 ∗
a b = 0,
2 n n

(4.3)
(4.4)

where an and bn are normalized slowly varying field amplitudes and are related to the
actual fields via (an , bn ) = [n2 / (nx − ny )]1/2 (Enx , Eny ) for n ≥ 0 and (an , bn ) = 0 for
n < 0. The normalized distance ξ is related to the actual z coordinate through ξ =
k0 z (nx − ny ) /2, and the coupling coefficient c is normalized with respect to the birefringence, c = 2κ/ [k0 (nx − ny )]. The nonlinear Kerr coefficient used in Eqs. (4.3) and (4.4) is
given by n2 = n̂2 n/2η0 , where η0 is the vacuum intrinsic impedance and for this material the
refractive index is n = 3.3. As previously discussed in Chapter 3 of this thesis, these equations implicitly describe self- and cross-phase modulation and four-wave mixing processes.
Moreover, the birefringence of the system is reflected in the second terms of Eqs. (4.3) and
(4.4).

4.2 Discrete Vector Surface Wave Solutions

In order to identify the vector discrete surface states of this system, assume that the
surface wave solutions have the form
an = xn eiqξ

(4.5)

bn = yn eiqξ ,

(4.6)

where xn and yn are the soliton envelopes for the TE and TM polarizations and are real,
respectively and q is the propagation eigenvalue of the surface state. Substitution of this
68

vector surface wave form into Eqs. (4.3) and (4.4) results in the following nonlinear difference
equations:
− axn + c (xn+1 + xn−1 ) + x3n + (A + B) yn2 xn = 0

(4.7)

−byn + c (yn+1 + yn−1 ) + yn3 + (A + B) x2n yn = 0,

(4.8)

where a = q − 1 and b = q + 1.
These equations can be solved using Newtonian relaxation techniques in order to find
the vector surface wave solutions. After the surface wave solutions are obtained, each family
can be mapped on a P − ∆ diagram, where
P = (nx − ny )


Aef f X
|an |2 + |bn |2
n̂2

(4.9)

is the total power in the waveguide array as conveyed by both polarizations, and
∆ = θq =

(nx − ny ) k0
q
2

(4.10)

is the propagation eigenvalue of the surface wave. It is important to note that, for the
purposes of this this work, only the most primitive families of vector discrete surface waves
are considered. The stability properties of these solutions are then investigated using linear
stability analysis.
First consider single-component (TE or TM polarized) surface states. Due to the birefringence in our system, these singly polarized waves are separate entities and must be explored
individually. The existence curves for these two families of discrete surface wave can be
seen in the P − ∆ diagram of Fig. 4.2. Notice that in both cases there is a point at which
the total power conveyed has a minimum. To the left of this minimum the nonlinear surface wave solutions become broader and broader, thus causing the total power conveyed to
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Figure 4.2: Bifurcation diagrams for the linearly polarized (blue curve) and elliptically polarized (magenta curve) discrete vector surface waves as well as for the scalar TE (red curve)
and TM (green curve).

abruptly increase. A close inspection of the eigenvalues (Ω) associated with field perturbations reveals that these solutions are unstable (left of the minimum) in agreement with
the Vakhitov-Kolokolov criterion (dP/d∆ > 0: Stable; dP/d∆ < 0: Unstable). As the
eigenvalue ∆ is increased, it is found that, in this system, the TE family of one-component
discrete surface waves becomes stable at a power level of 164 W or ∆ ≈ 1.34 mm−1 . This
TE family remains stable up to a critical power of 243 W and ∆ ≈ 2.01 mm−1 . At this
point, the curve bifurcates into two solution branches as seen in Fig. 4.2. After the split,
the upper branch (red curve) is the continuation of the now unstable single-component TE
family while the lower branch (blue curve) corresponds to a new family of stable solutions
involving in-phase TE and TM surface components, thus forming a linear polarized vector
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surface wave. The total power conveyed by the individual TE and TM components of these
linearly polarized entities is shown in Fig. 4.3. It can be clearly seen that for this family of

Figure 4.3: P − ∆ for the TE (solid line) and TM (dashed line) components of the stable
linearly polarized family of vector discrete surface waves

vector surface waves most of the power is in the TE polarization. Figure 4.4 shows the TE
and TM components of one such linearly polarized discrete vector surface wave.
In the case of TM polarized discrete surface waves, a similiar scenario occurs in the P −∆
diagram. However, in its range of existence, the entire TM branch (green curve) is unstable.
Note that, as in the TE case, a bifurcation occurs after a critical power of 255 W and
∆ ≈ 1.31 mm−1 . After the bifurcation, a new branch corresponding to a family of vector
states in which the TE and TM components are out of phase by π/2 emerges (magenta
curve). These correspond to elliptically polarized vector surfaces waves. Comparing the
vector surfaces waves in this example to those considered in isotropic array systems [49]
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Figure 4.4: The magnitude of the (a) TE and (b) TM components of a vector discrete surface
wave having ∆ ' 2.6 mm−1

shows that had the array elements been isotropic, the threshold power necessary to establish
surfaces states would be approximately 170 W (occurring at ∆ = 1.00). This is very close
the threshold power of the stable TE family in this case.
As in the case of vector DSs, analytic solutions can be obtained for the discrete field
amplitudes of vector surface waves in the regime of high confinement. Assuming that the
discrete field envelopes have the form

xn =

yn =




 A0 e−νn for n ≥ 0



0
for n < 0



 B0 e−µn for n ≥ 0




0

(4.11)

(4.12)

for n < 0

Substituting into Eqs. (4.7) and (4.8) and performing the same procedure as for vector DSs,
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the parameters of the analytical solution are

q−1
ν = cosh
2c


q+1
−1
.
µ = cosh
2c
−1



(4.13)
(4.14)

and
c {(A ± B) exp (µ) − exp (ν)}
(A ± B)2 − 1
c {(A ± B) exp (ν) − exp (µ)}
,
=
(A ± B)2 − 1

A20 =

(4.15)

B02

(4.16)

where the ± respectively represents the linearly and elliptically polarized vector surface wave
families.
The stable propagation of the TE and TM components of a linearly polarized vector
surface wave at ∆ ≈ 3.6 mm−1 in an AlGaAs waveguide array is shown in Fig. 4.5. In this
case, the total power conveyed in the TE component is 341 W and approximately 111 W in
the TM polarization. The stability of this linearly polarized solution is further verified by
considering the eigenvalues, Ω, of the perturbed problem in the complex plane. As can be
seen in Figure 4.5(c), all of the eigenvalues are real, therefore perturbations will not grow,
and the solution is indeed stable.
On the other hand, the stability properties and propagation dynamics of an elliptically
polarized discrete surface wave are different as can be seen in Fig. 4.6. In this example,
the TE component carries 108 W, the TM 342 W, and ∆ ≈ 2.2 mm−1 . The eigenvalues
of the perturbed problem, in this case, exhibit a complex quartet that can be clearly seen
in Fig. 4.6(c). These complex eigenvalues lead to the growth of perturbations causing the
instabilities seen in Figs. 4.6(a) and 4.6(b). Here, the TM polarization destabilizes and
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Figure 4.5: Stable propagation of the (a) TE component and (b) TM component of a linearly
polarized discrete vector surface wave. (c) The eigenvalues of the perturbed problem.

couples most of its power into the TE polarization. Propagating the beam for a longer
distance shows that power is coupled back and forth between the two components with
significant radiation into the rest of the array.
In experiments, however, some parameters, such as the shape of the beam as well as
the relative phase difference between the TE and TM components, can not be precisely
controlled. When dealing with highly confined discrete beams, it is most practical to experimentally excite only a single waveguide. However, although stable vector surface wave
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solutions are highly confined, they do possess a tail that extends throughout the array, but
in the experiment this tail will be absent. Moreover, it is difficult to physically launch the
two field components exactly in-phase. Therefore, the effects of these practical concerns on
the excitation of vector surface waves was investigated. In fact, it was found that when
only a single waveguide is excited with the appropriate power levels for the TE and TM
components (shown in Fig. 4.3), linearly polarized vector surface waves can propagate in a
stable fashion even when the relative phase difference, ΦT E − ΦT M , is of the order of ±20◦ .
Of course, this phase mismatch does lead to some power exchange between the TE and TM
components via FWM effects. However, this power exchange does not cause the beam to
break up. Thus, even if the beam components are not perfectly launched into the array,
stable discrete vector surface waves can be observed.
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Figure 4.6: Unstable propagation of the (a) TE component and (b) TM component of an
elliptically polarized discrete vector surface wave. (c) The eigenvalues of the perturbed
problem.

76

CHAPTER 5: WAVEGUIDE ARRAY HETERO-JUNCTIONS

In the previous chapters, only arrays comprised of identical waveguides were considered.
This chapter will focus on interfaces between two dissimilar semi-infinite waveguide arrays
or waveguide array hetero-juctions. In particular, we will demonstrate that it is possible
to synthesize optical spatial filters by engineering the interface between two semi-infinite,
one-dimensional waveguide arrays that are detuned from one another. This detuning causes
the dispersion relations (first bands) of the individual arrays to be shifted with respect
to each other. Therefore, only spatial frequencies that can “support” the propragation
eigenvalue, kz , are allowed to cross the interface; all others are reflected. Also, through
the use of a transition region that adiabatically transitions from one array to the other,
the performance of the spatial filter can be enhanced. In addition, it is shown that under
appropriate conditions diffraction compensation can be achieved using this same structure.

5.1 Introduction to Array Hetero-junctions

Consider the waveguide array hetero-junction shown in Fig. 5.1. The structure is composed of three regions: an “input” array shown in white, a transition/interface region of
m waveguides (grayscale), and shown in black is the “output” section. The input array
is a semi-infinite array of identical single-mode waveguides in which β1 is the propagation
constant of the fundamental mode. The output array is another semi-infinite array of identi-
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Figure 5.1: Schematic drawing of an interface between two waveguide arrays. The structure
is composed of three regions: an “input” array (white), a transition/interface region of m
waveguides (grayscale), and an “output” section (black).

cal single-mode waveguides. However, the propagation constant of the channels comprising
this section is slightly detuned from that of the input array such that βm+2 = β1 + ∆β.
The interface region is made up of m different single-mode waveguides that are designed to
adiabatically transition the propagation constant from β1 to βm+2 in a linear fashion, i.e.
δn = [(n − 1) / (m + 1)] ∆β for 2 ≤ n ≤ m + 1, where δn = βn − β1 . These changes in
the propagation constants are achieved by slightly changing the refractive index and/or the
radius a of the cores. For the purposes of this discussion, only the refractive index of the core
will be manipulated and a is held constant. Depending on whether the index is increased or
decreased the change in the propagation constant can be made positive or negative.
Strictly speaking, the propagation of the electric field within this structure is governed
by the following normalized paraxial equation of diffraction:
∂ϕ 1
+
i
∂Z 2



∂2ϕ
∂2ϕ
+
∂X 2 ∂Y 2


+ gf (x, y) ϕ = 0,

(5.1)

where the propagation material is assumed to be linear and isotropic for the purposes of this
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work. In the above equation, ϕ is the slowly varying electric field envelope and the function
f (x, y) represents the normalized linear refractive index distribution of the structure. The
normalized coordinates are related to the actual coordinates via X = x/a, Y = y/a and
Z = z/ka2 . The coefficient g is given by g = k02 a2 δnn0 , where k0 = 2π/λ0 , a is the radius
of the waveguides, δn = n1 − n0 is the refractive index difference between the core and the
cladding of the waveguide of the input array, and n0 is the cladding refractive index.
Unfortunately very little intuition can be gained from Eq. (5.1), therefore coupled mode
theory is used to understand the propagation dynamics of the electric field envelope in such a
system. In general, the propagation dynamics in this array hetero-junction obey the coupled
mode equation,
i

dEn
+ βn En + κn En−1 + κn+1 En+1 = 0,
dz

(5.2)

where En is the slowing varying discrete field envelope and the indexing scheme depicted
in Fig. 5.1 is used. It is important to note that βn = β1 for n ≤ 1 and βn = βm+2 for
n ≥ m + 2. Also since adjacent waveguides are generally different, the coupling coefficient to
the left and right are different in general, therefore κn represents the coupling to the left and
κn+1 is coupling to the right. Normalize Eq. (5.2) with respect to the coupling coefficient
between adjacent channels of the input array, i.e. κ1 , such that the normalized propagation
distance ξ is given by ξ = κ1 z. As a result,
i

dEn βn
κn
κn+1
+ En + En−1 +
En+1 = 0.
dξ
κ1
κ1
κ1
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(5.3)

5.2 Array Hetero-junctions as Spatial Filters

In this section, we will show how waguide array hetero-junctions can be using to design
spatial filters that can be used in optical switching and signal routing schemes.

5.2.1

Band Gap Shift

In order to understand the consequences of the detuning between the input and output
arrays, first recall the dispersion relation for an array of identical waveguides as given in Eq.
(2.132).
kz = β + 2κ cos(kx D),

(5.4)

where β is the propagation constant of the fundamental mode, κ is the coupling coefficient
between nearest neighbors, and D is the distance between waveguide centers. Applying this
to the input and output arrays shows that the dispersion relation or first band of the input
array is given by
kzIn = β1 + 2κ1 cos(kxIn D),

(5.5)

kzOut = βm+2 + 2κm+3 cos(kxOut D),

(5.6)

and that of the output array is

where it is assumed that the distance D between adjacent waveguides is the same in the
input and output arrays, even though in general it can be different.
Knowing that βm+2 = β1 + ∆β, it can be easily seen from Eqs. (5.5) and (5.6) that the
dispersion relation of the output array is shifted with respect to that of the input array. This
can be considered as a band gap shift. If the refractive index of the waveguide cores in the
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output section is lower than that of the input cores, ∆β will be negative thus shifting the
band of the output downwards with respect to the input as shown in Fig. 5.2(a). If the core
index is higher in the output region, ∆β is positive and the band is shifted upward with
respect to the input band as shown in Fig. 5.2(b).

Figure 5.2: Diagram depicting the shift between the dispersion relations of the input and
output arrays when (a) ∆β < 0 (high-pass filter) and (b) ∆β > 0 (low-pass filter). The kz
axis represents the interface between the bands of input array (on the left) and the output
array (on the right). The circles show points of equal kz

In this system, kz is analogous to the eigen-energy of a particle in quantum mechanics
and therefore must be conserved throughout propagation. Thus, by equating the dispersion
relations of the input and output sections, kxOut D is found to be:
cos(kxOut D) = −

∆β
κ1
+
cos(kxIn D).
2κm+3 κm+3

(5.7)

However, in order for transmission to occur kxOut D must be real, since the field in the
output array is proportional to exp (inkxOut D). If kxOut D is imaginary, the field in the
output array exponentially decays with the waveguide number n and is therefore analogous
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to the evanescent wave generated by total internal refection off an interface. In other words
if a beam is launched into the input region with kxIn D, it will only be able to propagate
across the interface if there is a kxOut D in the band of the output array that gives the same
value of kz , otherwise the beam is reflected. As a result, Eq. 5.7 gives the condition for
transmission.
We not that, in addition to being the phase difference between the modes of adjacent
waveguides, kx D defines a spatial frequency. Therefore, this array interface structure acts
as a spatial filter that allows only the spatial frequencies that satisfy the condition in Eq.
(5.7) to pass. Since κ1 and κm+3 do not typically differ significantly, Eq. (5.7) shows that
the detuning between the input and output arrays is the dominating factor in determining
which spatial frequencies are transmitted and which are reflected. If ∆β < 0, beams are
reflected by total internal reflection, and referring back to Fig. 5.2(a), a high pass spatial
filter is created. On the other hand when ∆β > 0, beams are reflected via Bragg refection,
and the filter response is low pass as can be seen in Fig. 5.2(b)

5.2.2

Reflection and Transmission Coefficients

When considering reflection and transmission, it is always important to know how much
is being reflected and transmitted. In order to calculate the field reflection and transmission coefficients r and t, consider the normalized coupled mode equation that describes the
propagation of the discrete field envelope in Eq. (5.3),

i

dEn βn
κn
κn+1
+ En + En−1 +
En+1 = 0.
dξ
κ1
κ1
κ1
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(5.8)

Let the discrete field envelope have the form
En = An eikz z = An eikz ξ/κ1 ,

(5.9)

where An is independent of z and kz = β1 + κ1 {exp (ikxIn D) + exp (−ikxIn D)} from the
dispersion relation of the input array. Substituting into Eq. (5.8) gives
− νAn +

κn
κn+1
δn
An + An−1 +
An+1 = 0,
κ1
κ1
κ1

(5.10)

where ν = exp (ikxIn D) + exp (−ikxIn D) = 2 cos (kxIn D) and δn = βn − β1 .
Looking back at Fig. 5.1 and operating under the assumption that any input beam
is launched into the input array (n ≤ 1), the total field in the input region has a forward
propagating wave component and a backward propagating reflected wave component. Within
the transition region (2 ≤ n ≤ m + 1), it is difficult to make any assessment as to what form
the electric field has since there is no uniformity in this section. Finally, in the output array
(n ≥ m + 2) there is only the forward propagating transmitted wave. Taking all of this into
consideration, the form of An is given by,




ei(n−1)kxIn D + re−i(n−1)kxIn D for
n≤1




An =
Qn
for 2 ≤ n ≤ m + 1







tei(n−m−2)kxOut D
for
n≥m+2

(5.11)

where r is the field reflection coefficient, Qn is field in the channels of the transition region,
and t is the field transmission coefficient. From the transmission condition in Eq. (5.7),
cos(kxOut D) = −δm+2 / (2κm+3 ) + (κ1 /κm+3 ) cos(kxIn D) since in this indexing scheme ∆β =
δm+2 . Thus given kxIn D, kxOut D can be determined. From here it can be seen that there
are m + 2 unknowns (r, m number of Qn , and t), thus m + 2 equations must be written and
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solved in order to find r and t. This system of equations can be written in vector form such
that
Ax = b.

(5.12)

A is a m + 2 × m + 2 matrix of the coefficients of the unknowns x, where


 r


 Q

2


 Q

3
x=
 .
 ..




 Qm+1


t










.










(5.13)

The matrix b contains the constants of the equations. By writing the required equations, it
can be shown that the values of the matrix A are given by




−ν + δk /κ1 + (κk /κ1 ) eikxIn D
for
k=1




Ak,k =
−ν + δk /κ1
for 2 ≤ k ≤ m + 1






 −ν + δk /κ1 + (κk+1 /κ1 ) eikxOut D for
k =m+2

(5.14)

Ak,k+1 =

κk+1 /κ1 for 1 ≤ k ≤ m + 1

(5.15)

Ak,k−1 =

κk /κ1 for 2 ≤ k ≤ m + 2 ,

(5.16)
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where all other elements of A are zero. Finally, b is
 








b=








b1
b2
b3
..
.
bm+2


−ikxIn D

  ν − δ1 /κ1 − (κ1 /κ1 ) e
 
 
 
−κ2 /κ1
 
 
 
=
0
 
 
 
..
 
.
 
 
 
0








.








(5.17)

This system of equations is solved to give the field reflection and transmission coefficients r
and t. The power reflection coefficient R is related to the to r via R = |r|2 and the power
transmission coefficient T is given by T = 1 − R. As shown in Appendix B, finding the
relationship between t and T requires the use of the so-called discrete Wronskian, where the
expression relating t and T is found to be,
T =

κm+3 sin (kxOut D) 2
|t| .
κ1 sin (kxIn D)

(5.18)

Figure 5.3 shows the power reflectivity R as a function of ∆β/κ1 and kxIn D for different
lengths of the transition region m, where white corresponds to R = 1 and black to R = 0.
It is clearly seen that as more waveguides are added to the interface region, the pass band
characteristics become more refined, i.e. sharper cutoff transitions and higher transmission
occurs. It is important to note that for |∆β/κ1 | > 4, the band of the output array is shifted
to the point that the transmission condition of Eq. (5.7) cannot be satisfied for any kxIn D.
Consequently, all spatial frequencies are reflected as can be seen in Figs. 5.3 (a), (b), and
(c).
The enhancement to the transmission characteristics of the interface provided by the
transition region is more clearly seen by considering slices of Figs. 5.3 (a), (b), and (c)
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Figure 5.3: Power reflectivity R vs. ∆β/κ1 and kxIn D for transition region lengths (a)
m = 0, (b) m = 1, and (c) m = 5. Notice that as the length of the transition region m
increases, the pass band becomes more refined (R = 1: white, R = 0: black)
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for a specific ∆β/κ1 . For ∆β/κ1 = 1.5 (low pass), Fig. 5.4(a) shows how the transmission
performance of the filter is effected by the length m of the interface section. In the absence of
the transition region (m = 0), the magenta curve shows that the “pass band” edges are not
very steep and significant reflection occurs throughout the band. However, the performance
is greatly improved with the inclusion of only one intermediate waveguide (red curve). In
this case, the reflection goes to zero for some spatial frequencies. Increasing m to five results
in further enhancement of the transmission performance. Here, the pass band is very well
defined having no reflection for a much wider range of frequencies. In addition, the band
edges are considerably steeper. For m = 5, Fig. 5.4(b) shows that by adjusting ∆β, the band
width of the filter can be controlled. The bandwidth gets broader as ∆β is decreased. This is
expected since in the limit where ∆β = 0 there is just a linear array and no hetero-junction,
therefore all spatial frequencies are “passed”. In addition for very small values of kxIn D, the
reflection goes to one even in the case of low pass filters. This is also expected because in
the limit where kxIn D = 0, the transverse velocity of the beam vx is zero. As a result, the
beam travels parallel to the interface and remains in the input array, leading to R = 1.

The Effective Power Reflection Coefficient
Strictly speaking, the power reflection and transmission coefficients R and T discussed above
where developed for infinite planes waves having only one spatial frequency and consequently
are only valid when considering infinite plane waves. However in practical settings in which
laser beams are used, the optical beam has a finite spatial extent. Such finite beams can be
considered to be the superposition of an infinite number of plane waves, therefore they possess
an infinite spectrum of spatial frequencies. As a result when a finite beam encounters an array
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Figure 5.4: Power reflectivity R vs. kxIn D for (a) ∆β/κ1 = 1.5 and m = 0 (magenta curve),
m = 1 (red curve) and m = 5 (blue curve) (b) m = 5 and ∆β/κ1 = 0.5 (magenta curve),
∆β/κ1 = 1.0 (red curve), and ∆β/κ1 = 1.5 (blue curve).

hetero-junction spatial filter, some of the beam is reflected and some is transmitted. Thus
in order to have effective transmission for example, the most prominent spatial frequencies
most lie within the pass band of the filter.
The amount of power in the finite beam that is reflected depends on the overlap between
R and the power spectrum of the input beam. This being the case, the effective power
reflection coefficient for a finite beam can be defined as
R
Ref f =

R (kxIn D) |Φ (kxIn D)|2 dkxIn D
,
R
|Φ (kxIn D)|2 dkxIn D

(5.19)

where R (kxIn D) is the power reflection coefficient and Φ (kxIn D) is the Fourier transform if
the discrete field envelope. Let’s assume that the input beam has a Gaussian envelope and
is launched into the input array with kxIn D. Therefore, the electric field is given by
ϕ = e−x

2 /W 2

einkxIn D = e−x
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2 /W 2

eixkxIn D/D .

(5.20)

where for this discrete system, we used x = nD. Taking the Fourier transform, the spectrum
of this Gaussian beam is found to be

Φ (kx D) =

√

πW e(kx D−kxIn D)

2

W 2 /4D2

.

(5.21)

To visualize Ref f , once again consider Fig. 5.4(a) in which ∆β/κ1 = 1.5 and m = 0
(magenta curve), m = 1 (red curve) and m = 5 (blue curve). The power spectrum |Φ (kx D)|2
can plotted on top of these curves as in Fig. 5.5. Figure 5.5(a) shows the power spectrum
for a Gaussian beam with W = 5D launched into the input array with kxIn D = 1.1. Notice
that for this launch angle, the most prominent spatial frequencies are located within the pass
band of the filters, therefore a majority of the power will be transmitted, i.e. Ref f will be
low. It is easy to see that for the case where m = 0, the low-pass filter will reflect much more
power than in the other two cases. In fact, in the m = 0 case Ref f ≈ 17%. The transmission
performance is much improved for m = 1 and m = 5 where Ref f ≈ 1% and Ref f ≈ 0.5%,
respectively.
Now assume that the beam is launched at a larger angle such that kxIn D = 2.25 as shown
in Fig. 5.5(b). For this input condition, the power spectrum is centered within the stop band
of each filter. As a result the effective power reflection will be high and for each case shown,
Ref f ≈ 99%.
In order to verify these results, Eq (5.1) is solved using a BPM in order to simulate beam
propagation across an array hetero-junction. As a demonstration example, we consider a
silica glass waveguide array having a background refractive index of n0 = 1.5. The effective
core radius of each waveguide is a = 5.3 µm and the distance between adjacent waveguide
centers is D = 15.9 µm. In addition, every waveguide is designed to be single moded at the
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Figure 5.5: Power reflectivity R for ∆β/κ1 = 1.5 and m = 0 (magenta curve), m = 1 (red
curve) and m = 5 (blue curve) plotted with the power spectrum of an input Gaussian beam
with W = 5D and (a) kxIn D = 1.1 and (b) kxIn D = 2.25

operating wavelength of λ0 = 1.5 µm. In the input array, the linear index difference between
the core and cladding is δ = 3 × 10−3 and the coupling coefficient between nearest neighbors
is κ1 = 0.268 mm−1 . By solving the eigenvalue problem for the fundamental mode in a fiber,
the propagation constant of the mode in the waveguides of the input array is β1 = 6.289
µm−1 . The output array is designed such that ∆β/κ1 = 1.5. The interface region contains
m = 5 waveguides that are engineered to adiabatically transition the propagation constant
from β1 to β1 + ∆β in a linear fashion.
Figure 5.6 shows the reflection and transmission of a discrete Gaussian beam where the
center of the transition region is located at x = 0µm. Figure 5.6(a) shows the initial beam
shape. When kxIn D = 1.1 or, in this array design, θ = 0.95◦ , the beam passes through the
interface with minimal reflection as can be seen in Fig. 5.6(b). However the beam is reflected
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Figure 5.6: (a) Input discrete Gaussian beam (b) The beam is transmitted through the
interface when kxIn D = 1.1. (c) The beam is reflected off the interface when kxIn D = 2.25

off the interface when kx D = 2.25 (θ = 1.94◦ ). These simulations are in total agreement
with the predictions made from Figs. 5.5(a) and (b).

5.3 Array Hetero-junctions as Diffraction Compensators

Physically, the diffraction and dispersion of an optical wave are the result of very different
origins, however interestingly enough, they share many similar properties. For example, each
effect leads to the broadening of an initial intensity profile; diffraction broadens a beam in
space while dispersion broadens a pulse in time. However, there is one difference that
truly separates dispersion apart from diffraction: dispersion is material dependent. In fact,
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dispersion is zero in vacuum and in certain materials at specific wavelengths. Furthermore,
dispersion can be normal (positive) or anomalous (negative) for a given wavelength. On
the other hand, diffraction is strictly a geometrical effect and depends only weakly on the
medium in which the light propagates, and in continuous systems, it is always positive.
Since dispersion is material dependent, it can be compensated by changing the material
and/or the geometry of a waveguide. Optical silica glass fibers can be designed to cancel
dispersion or even change its sign [113]. In addition, dispersion managed optical fiber systems
have been demonstrated via the use of alternating fibers that possess positive and negative
dispersion [51–54].
In this section, we will show that, in addition to spatial filtering, the same waveguide
interface structure can be used for diffraction compensation. This can be understood by
looking back at Fig. 5.2 again. The circles on each diagram show a point at which transmission occurs. Notice that in both depicted cases, the dispersion relations for the input and
output arrays have opposite curvature. Since diffraction is related to the curvature of the
dispersion relation, a beam can experience positive diffraction in the input region and then
negative diffraction in the output section after passing through the interface or vice versa.
As a result, diffraction compensation can be accomplished in much the same way temporal
dispersion compensation can be done in optical fibers [51–54].
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5.3.1

The Transfer Function of a 1D Array

Let’s consider the continuous approximation for the evolution of the discrete field envelope
as given in Eq. (2.136),

i

∂ϕ
∂ϕ
+ vx
∂z
∂x


+γ

∂2ϕ
= 0,
∂x2

(5.22)

where ϕ is the field envelope, vx = 2κD sin (kx0 D) is the transverse velocity and γ =
κD2 cos (kx0 D) is the diffraction coefficient.
The field envelope can be written as the superposition of an infinite number of plane
waves. Thus, if the electric field at the input (z = 0) has the form
E = ϕeikx0 Dx/D = ϕeikx0 x ,

(5.23)

the Fourier transform of E is
Z∞
Φ0 (kx − kx0 ) =

ϕ (x) eikx0 x e−ikx x dx.

(5.24)

−∞

Therefore, the electric field as a function of x and z is
1
E (x, z) =
2π

Z∞

Φ0 (kx − kx0 ) eikx x eikz z dkx .

(5.25)

−∞

Let Kx = kx − kx0 , therefore kx = kx0 + Kx . From the dipersion relation of a 1D waveguide
array kz (kx ) = β + 2κ cos (kx D) and by using Taylor series, we can write kz (kx0 + Kx ) as
0
kz (kx0 + Kx ) = kz0 + kz0
Kx +

00
kz0
K2 + · · · ,
2 x

(5.26)

where
n
kz0
=

dn kz
dkx

.

(5.27)

kx0

So, kz can be approximately written as
kz = β + 2κ cos (kx0 D) − 2κD sin (kx0 D) Kx − κD2 cos (kx0 D) Kx2
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(5.28)

This can be substituted into Eq. (5.25) to give,
1
E (x, z) =
2π

Z∞

Φ0 (Kx ) ei(kx0 +Kx )x eiz{β+2κ cos(kx0 D)−2κD sin(kx0 D)Kx −κD

2

cos(kx0 D)Kx2 }

dKx .

−∞

(5.29)
This solution can be written in terms of an envelope ϕ(x, z) and a carrier plane wave as,
E (x, z) = ϕ (x, z) eikx0 x ei{β+2κ cos(kx0 D)}z .

(5.30)

Thus,
1
ϕ (x, z) =
2π

Z∞

Φ0 (Kx ) ei{x−2κD sin(kx0 D)z}Kx e−iκD

2

cos(kx0 D)zKx2

dKx .

(5.31)

−∞

Remembering that in Eq (5.22) vx = 2κD sin (kx0 D) and γ = κD2 cos (kx0 D), ϕ (x, z) can
be written as
1
ϕ (x, z) =
2π

Z∞

2

Φ0 (Kx ) ei{x−vx z}Kx e−iγzKx dKx .

(5.32)

−∞

Moving to a moving coordinate system such that η = x − vx z
1
ϕ (η, z) =
2π

Z∞

2

Φ0 (Kx ) eiKx η e−iγzKx dKx .

(5.33)

−∞

Taking the Fourier transform of ϕ (η, z), we have
2

F T {ϕ (η, z)} = Φ0 (Kx ) e−iγzKx .

(5.34)

Equation (5.34) gives the Fourier transform of the field envelope with respect to the input
spectrum, therefore the transfer function of the array is
2

H (Kx ) = e−iγzKx .
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(5.35)

5.3.2

Diffraction Compensation

Consider an optical beam propagating across a waveguide hetero-junction. At the input,
the beam has a spatial frequency spectrum Φ1 (Kx ). After propagating a distance z1 in the
input array, the spectrum of the beam will become
2

Φ2 (Kx ) = Φ1 (Kx ) e−iγ1 z1 Kx ,

(5.36)

where γ1 = κ1 D2 cos (kxIn D). Assuming that the beam is transmitted to the output array,
then after a propagation distance z2 in the output array, the spectrum of the beam will “see”
the total transfer function of the filter, i.e.
2

2

HT (Kx ) = e−iγ1 z1 Kx e−iγ2 z2 Kx ,

(5.37)

where γ2 = κm+3 D2 cos (kxOut D). If diffraction compensation is to be achieved, then
HT (Kx ) = 1.

(5.38)

The resulting condition for diffraction compensation is then found to be

γ1 z1 + γ2 z2 = 0
κ1 D2 cos (kxIn D) z1 + κm+3 D2 cos (kxOut D) z2 = 0

(5.39)

From Eq. (5.7), cos(kxOut D) = −∆β/ (2κm+3 ) + (κ1 /κm+3 ) cos(kxIn D). Substituting into
Eq. (5.39), we find the propagation distance z2 in the output array required to compensate
the diffraction that occurred after propagating a distance z1 in the input array:
z2 =

κ1 cos (kxIn D)
z1 .
∆β/2 − κ1 cos (kxIn D)
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(5.40)

Figure 5.7: The spot size, W of a discrete Gaussian beam as a function of propagation
distance for a uniform 1D array (red line) and after an array interface (blue line) when
kx D = 1.1.

As was done in the filter case, the above analysis is verified by solving Eq (5.1) using
a BPM to simulate beam propagation across an array hetero-junction. Consider the same
silica glass waveguide array. The background refractive index of this system is n0 = 1.5.
The effective core radius of each waveguide is a = 5.3 µm and the distance between adjacent
waveguide centers is D = 15.9 µm. Every waveguide is designed to be single moded for
λ0 = 1.5 µm. In the input array, the linear index difference between the core and cladding
is δ = 3 × 10−3 and the coupling coefficient between nearest neighbors is κ1 = 0.268 mm−1 .
The propagation constant of the mode in the waveguides of the input array is β1 = 6.289
µm−1 and the output array is designed such that ∆β/κ1 = 1.5. The interface region again
contains m = 5 waveguides.
Figure 5.7 shows the beam waist of a Gaussian input beam of beamwidth W ≈ 32µm
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as a function of propagation distance, z, for a uniform array and an array interface when
kx D = 1.1. The diffraction compensation is obvious. For example, at a distance of 6cm, the
beam would have expanded to a width of 140 µm in a uniform array, whereas it recompresses
below 60 µm after crossing the interface. The reason that the beam does not completely
recover its original waist is due to the fact that the interface also tends to strip away the
high frequency components of the beam due to the low pass filter response.

5.4 Hybrid Discrete Solitons

As discussed in the previous chapter, discrete surface waves exist along the interface
between nonlinear continuous media and semi-infinite waveguide arrays. In the structures
being considered in this chapter, an interface is created between two semi-infinite arrays,
therefore it is reasonable for one to deduce that discrete nonlinear surface states exist along
this interface as well. In this section, we will show that this is indeed the case and that these
surface dynamics lead to the existence of “hybrid” discrete solitons.
As mentioned earlier, the dispersion relations of the input and output arrays are shifted
downwards or upwards with respect to each other by an amount ∆β. If the ∆β is large
enough (|∆β| > 4κ1 ), a gap opens up between the respective dispersion curves of the input
and output arrays, thus there is no value of kz that lies in both bands simultaneously.
However in the nonlinear regime, the propagation constant kz can be moved into this gap.
In this case, nonlinear surface states having the same propagation eigenvalue can be found
for both array sections. However, this value of kz is located within the semi-infinite band gap
(where in-phase surface waves exist [49]) of one semi-infinite array, while also lying in the
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band gap between the first and second bands (where staggered surface waves exist) of the
other semi-infinite section as shown in Fig. 5.8. Since the two surface states (one in-phase
and one staggered) have the same propagation eigenvalue, they propagate together forming
a “hybrid” discrete soliton.

Figure 5.8: Diagram depicting the shift between the dispersion relations of the of two different
semi-infinite arrays. The band on the right is shifted enough to allow a band of eigenvalues
that lie above the left band and below the right band, thus leading to hybrid soliton states

5.4.1

Hybrid Discrete Soliton Solutions and Stability

In order to identify hybrid DS states, consider the coupled mode equation for the modal
field amplitudes,

i

dEn
k0 n 2
+ δn En + κ1 (En−1 + En+1 ) +
|En |2 En = 0,
dz
2
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(5.41)

where δ = βn − β1 , and we have assumed that the array system has been designed such that
the coupling coefficient remains constant throughout the structure. Normalizing Eq. (5.41),
we obtain
dUn δn
+ Un + Un−1 + Un+1 + |Un |2 Un = 0,
(5.42)
dξ
κ1
p
where ξ = κ1 z and En = ρUn (ρ = 2κ/k0 n2 ). Let’s consider a discrete soliton solution of
i

the form
Un = ψn eiλξ ,

(5.43)

where λ is the normalized propagation constant of the DS. Substituting this Eq. (5.43) into
Eq. (5.42), we obtain



δn
− λ ψn + ψn−1 + ψn+1 + ψn3 = 0.
κ1

(5.44)

Let n ≤ 0 correspond to the input array and n > 0 to the output array. Therefore, we can
write δn as

δn =




 0

for n ≤ 0
(5.45)



 ∆β for n > 0
There are no analyitical solutions for hybid DS, therefore the solutions must be found
numerically. Since Newtonian relaxation methods are used to find the hybrid solutions, we
must determine an initial guess that is close to what the actual solution is. To find this
guess, we must consider the semi-infinite input and output arrays separately in isolation and
obtain the highly-confined discrete surface states that exist in each array.
First, let’s consider the input array. From Eqs. (5.44) and (5.45), the coupled mode
equation for the electric field envelope is given by,
− λψn + ψn−1 + ψn+1 + ψn3 = 0 for n ≤ 0.
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(5.46)

Assuming that ∆β is positive (as depicted in Fig. 5.8), we expect the in-phase component
of the hybrid DS to be located in the input array. Thus we assume a surface wave solution
of the form
ψn = A0 e−ν|n| ,

(5.47)

where A0 is the maximum amplitude of the surface wave solution and ν describes how the
solution decays with n. By substituting this form into Eq. (5.46) and writing the equations
for n = 0 and n = −1, we respectively obtain
− λ + e−ν + A20 = 0

(5.48)

−λ + eν + e−ν = 0

(5.49)

From Eq. (5.49), λ = exp(ν) + exp(−ν). Substituting this into Eq. (5.48), we find that the
amplitude of the surface wave is given by
A0 = eν/2 .

(5.50)

The parameter nu is determined from Eq. (5.49) to be
ν = cosh

−1

 
λ
2

(5.51)

Similarly, staggered discrete surface waves of the form
ψn = (−1)n−1 B0 e−µ(n−1)

(5.52)

can be identified within the output array (n > 0). Again from Eqs. (5.44) and (5.45), the
coupled mode equation for the electric field envelope in the output array is given by,



∆β
− λ ψn + ψn−1 + ψn+1 + ψn3 = 0.
κ1
100

(5.53)

Substituting Eq. (5.52) into Eq. (5.53) and writing the equations for n = 1 and n = 2, one
obtains
∆β
− λ + e−µ + B02 = 0
κ1
∆β
− λ + eµ + e−µ = 0
κ1

(5.54)
(5.55)

Using the same procedure used to find A0 and ν, we find B and µ to be
B0 = eµ/2

(5.56)
−1



µ = cosh

∆β/κ1 − λ
2


(5.57)

Therefore, in summary, to find the hybrid DS solution of the Eq. (5.44), our initial guess
that is used in the Newtonian relaxation is



 A0 e−ν|n| for n ≤ 0
,
ψn =


 B0 e−µ(n−1) for n > 0

(5.58)

where
A0 = eν/2

(5.59)

B0 = eµ/2

(5.60)

 
λ
ν = cosh
2


∆β/κ1 − λ
−1
µ = cosh
2
−1

(5.61)
(5.62)

As demonstration example, let ∆β = 10κ1 , therefore the dispersion curve of the output
array is shifted up with respect to that of the input array as shown in Fig. 5.8. As a
result, we expect to find hybrid DS solutions composed of an in-phase surface wave for
n ≤ 0 and a staggered surface wave for n > 0 and in this case, the propagation eigenvalues
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of such solutions were found to exist in the range 2.98 < λ < 8. Figure 5.9(a) shows an
in-phase/staggered hybrid DS with a propagation eigenvalue λ = 7.65. Upon inspection of
the eigenvalues associated with soliton perturbations shown in Fig. 5.9(b), it is clearly seen
that there are no eigenvalues with imaginary components, therefore this solution is stable.
It is also important to note that the closer the propagation eigenvalue of the solution gets to
the lower existence limit (λ = 2 in this case), the broader in-phase component will become
while the staggered component will be more and more confined. The exact opposite occurs
when the propagation constant approaches its upper limit (λ = 8), i.e. the in-phase part
becomes more confined while staggered component broadens. Once λ is increased beyond
the upper limit (λ ≥ 8), the staggered component becomes infinitely broad and a new family
of hybrid states exists as show in Fig. 5.10(a) for λ = 10. Looking at the eigenvalues of field
perturbations in Fig. 5.10(b), we see that these semi-infinite hybrid states are stable.
The existence of such hybrid entities is a result of the staggered “plane” wave solution of
the DNLS equation. In order to show this, consider once again the governing equation for
the output array (Eq. (5.53))



∆β
− λ ψn + ψn−1 + ψn+1 + ψn3 = 0,
κ1

(5.63)

and let ψn take the form of the staggered “plane” wave,
ψn = A0 (−1)n .

(5.64)

Substituting Eq. (5.64) into Eq. (5.63), we find
A20


=2−


∆β
−λ .
κ1
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(5.65)

Figure 5.9: (a) An in-phase/staggered hybrid DS for λ = 7.65 and (b) the corresponding
eigenvalue diagram for soliton perturbations. All of the eigenvalues are real, therefore the
solution is stable.

Figure 5.10: (a) A semi-infinite in-phase/staggered hybrid state for λ = 10 and (b) the
corresponding eigenvalue diagram for soliton perturbations. All of the eigenvalues are real,
therefore the solution is stable.
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Therefore, this solution exists for


∆β
−λ
κ1


≤ 2.

(5.66)

In the example considered here (∆β = 10κ1 ), such a solution exists for λ ≥ 8. This is
precisely where we find the existence of the semi-infinite hybrid states.
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CHAPTER 6: ANISOTROPIC DIFFRACTION AND
DISCRETE ELLIPTIC SOLITONS IN 2D WAVEGUIDE
ARRAYS

Thus far in this work only one dimensional waveguide array systems have been considered.
A natural progression is to extent these studies to two-dimensional array systems. In this
chapter, it will be demonstrated that two-dimensional discrete waveguide arrays are significantly more complex and versatile than their one-dimensional counterparts in both their
linear (diffraction) and nonlinear optical dynamics. By employing coupled mode theory,
Section 6.1 shows that the diffraction properties of a square 2D lattice can be manipulated
according to the position of the Bloch k-vector within the Brillouin zone. Such 2D discrete
diffraction is, in general, anisotropic, therefore causing a beam to exhibit diffraction behavior
that is not possible in homogeneous systems. As will be shown in Section 6.2, in nonlinear
arrays, this interesting process ultimately leads to the existence of a new class of discrete
soliton, namely discrete elliptic solitons.
Figure 6.1(a) schematically shows a 2D array of waveguide cores embedded in a bulk
cladding material. For the purposes of this discussion, consider, a 2D square waveguide
lattice fabricated in silica glass (n0 = 1.5) in which all waveguides are identical and separated
by a distance D in both the X and Y directions as shown in the array cross-section of Fig.
6.1(b). Each waveguide is of the step-index type and is designed to be single moded at the
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Figure 6.1: (a) Schematic drawing of a 2D array of waveguide cores embedded in a bulk
material. (b) Cross-sectional view of the 2D array shown in (a)

operating wavelength of λ0 = 1.5 µm. The linear index difference between core and cladding
is δ = 3 × 10−3 , the effective core radius of each waveguide is taken here to be a = 5.3
µm, and the distance between adjacent waveguides is D = 15.9 µm. For these values of
the parameters, the linear coupling coefficient between nearest neighbors is κ = 0.284 mm−1
and the ratio of long range to nearest-neighbor interactions is c/κ = 0.15. If we assume
that the material has a saturable Kerr nonlinearity (as in photorefractives [28,34]), then the
evolution of the field envelope obeys the following nonlinear paraxial equation:
iϕZ +

kδ
1 2
kn2 ϕ2s |ϕ|2
5⊥ ϕ + f (X, Y )ϕ +
ϕ = 0,
2k
n0
n0 ϕ2s + |ϕ|2

(6.1)

where ϕ is the electric field envelope, k = 2πn0 /λ0 , the function f (X, Y ) represents the
normalized linear refractive index distribution of the waveguide array and ϕ2s is the saturation
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intensity.
The difference between 1D and 2D arrays becomes apparent when coupled mode theory
is applied. In the case of a square 2D lattice of identical waveguides, the discrete coupled
mode equation is

i

∂Em,n
+ βEm,n + κ (Em−1,n + Em+1,n + Em,n−1 + Em,n+1 )
∂Z
k0 n2 ϕ2s |Em,n |2
+c (Em−1,n−1 + Em−1,n+1 + Em+1,n−1 + Em+1,n+1 ) +
Em,n = 0. (6.2)
2 ϕ2s + |Em,n |2

Here, each waveguide couples to its four nearest neighbors with a coupling strength κ as well
as to its four diagonal neighbors with coupling strength c. The indices m and n represent
the waveguide number in the X and Y directions respectively.

6.1 Linear Diffraction Properties

As is the case in 1D arrays at low power levels, evanescent field coupling results in the
redistribution of power throughout the array during propagation. In the linear regime, the
coupled mode equation for the modal field amplitudes is obtained form Eq. (6.2) to be:

i

∂Em,n
+ βEm,n + κ (Em−1,n + Em+1,n + Em,n−1 + Em,n+1 )
∂Z
+c (Em−1,n−1 + Em−1,n+1 + Em+1,n−1 + Em+1,n+1 ) = 0.
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(6.3)

6.1.1

Single Waveguide Excitation

The discrete dispersive nature of such 2D arrays becomes apparent when only one waveguide is initially excited, i.e.

Em,n =




 E0




: m=n=0
.

(6.4)

0 : m 6= 0, n 6= 0

Assuming that the long range coupling effects are relatively small (c ≈ 0), the following
analytical approximation for Em,n as a function of Z can be obtained:
En (Z) = im+n E0 Jm (2κZ)Jn (2κZ) exp(iβZ),

(6.5)

where Jν (x) represents a Bessel function of order ν. A direct outcome of this solution is
the fact that most of the power couples away from the central waveguide in four main lobes
traveling along the 45◦ diagonals of the array with only a small amount along the horizontal
and vertical directions. This is shown in Fig. 6.2(a) in which the modal field amplitudes are
dressed with Gaussian functions. In order to assess the accuracy of Eq. (6.5), a numerical
BPM simulation of Eq. (6.1) was performed when only the central waveguide was initially
excited. Figure 6.2(b) shows that the analytic approximation is in excellent agreement with
the exact numerical simulations carried out on Eq. (6.1). This is the case, since the long
range coupling in this case is very weak, i.e. c/κ = 0.15.

6.1.2

Linear Diffraction of a 2D Discrete Field Envelope

In 2D waveguides arrays, the diffraction properties of discrete beams having a finite
spatial envelope are just as unique. In this section, we will analyze the linear diffraction
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Figure 6.2: The 2D discrete diffraction pattern for a single waveguide excitation as given
by (a) the analytical approximation En (Z) = im+n E0 Jm (2κZ)Jn (2κZ) exp(iβZ) and (b) a
BPM simulation of the paraxial equation for a propagation distance Z ' 0.8 cm.

dynamics of a finite 2D optical beam. The 2D dispersion relation can be found by assuming
the following infinite plane wave solution,
En = E0 eimkX D einkY D eikZ Z .

(6.6)

Since the array is periodic in both transverse directions, the wave now has a Bloch momentum
vector of (kX D, kY D) within the first 2D Brillouin zone. Substituting Eq. (6.6) into Eq.
(6.3), the 2D dispersion relation of this waveguide lattice is,
kZ = β + 2κ cos(kX D) + 2κ cos(kY D) + 4c cos(kX D) cos(kY D).

(6.7)

Figures 6.3(a) and (b) respectivly show a 3D plot and a shaded contour plot of the dispersion
relation in the first Brillouin zone (−π ≤ kX D ≤ π and −π ≤ kY D ≤ π).
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Figure 6.3: (a) A 3D plot of the 2D sinusoidal dispersion relation of a 2D waveguide array
in the first Brillouin zone and (b) a shaded contour plot of the dispersion relation.

Now, let us consider and optical beam having a discrete spatial envelope ϕm,n such that
the electric field has the form
Em,n = ϕm,n eimkX0 D einkY 0 D ,

(6.8)

where ϕm,n is the discrete modal field amplitude and kX0 D and kY 0 D respectively represent
the phase difference between adjacent waveguides in the X and Y directions. Physically,
kX0 D and kY 0 D define a Bloch momentum vector within the Brillouin zone, kkX0 D,kY 0 D =
kX0 DX̂ + kY 0 DŶ. Substituting this form for the electric field into Eq. (6.3), one obtains
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the coupled mode equation that describes the evolution of the discrete field envelope ϕm,n :
i


∂ϕm,n
+ βϕm,n + κ ϕm−1,n e−ikX0 D + ϕm+1,n eikX0 D + ϕm,n−1 e−ikY 0 D + ϕm,n+1 eikY 0 D
∂Z
+c ϕm−1,n−1 e−i(kX0 D+kY 0 D) + ϕm−1,n+1 e−i(kX0 D−kY 0 D)

(6.9)


+ϕm+1,n−1 ei(kX0 D−kY 0 D) + ϕm+1,n+1 ei(kX0 D+kY 0 D) = 0.
By applying the continuum approximation, the propagation dynamics of the discrete field
envelope can be described in the continuous regime. The values of the discrete field envelope
are approximated by using Taylor series expansions:
D2
ϕXX
2
D2
= ϕ ± DϕY +
ϕY Y
2

ϕm±1,n = ϕ ± DϕX +

(6.10)

ϕm,n±1

(6.11)

D2
(ϕXX + ϕY Y ) ± D2 ϕXY
2
D2
= ϕ − DϕX ± DϕY +
(ϕXX + ϕY Y ) ∓ D2 ϕXY
2

ϕm+1,n±1 = ϕ + DϕX ± DϕY +

(6.12)

ϕm−1,n±1

(6.13)

where D is the waveguide separation, and ϕX and ϕY are first derivatives and ϕXX and
ϕY Y are second derivatives with respect to X and Y , respectively. ϕXY is a mixed partial
derivative with X and Y . The higher order derivatives in the expansion can be neglected
assuming broad input beams. Applying these expansions to Eq. (6.9) one finds the following
continuous evolution equation for the field envelope,

i

∂ϕ
∂ϕ
∂ϕ
+ vX
+ vY
∂Z
∂X
∂Y


+ αϕ + γ
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∂2ϕ
∂2ϕ
∂2ϕ
+
δ
+
ε
= 0,
∂X 2
∂Y 2
∂X∂Y

(6.14)

where the coefficients vX , vY , α, γ, δ, and  are given by
vX = 2κD sin (kX0 D) + 4cD sin (kX0 D) cos (kY 0 D)

(6.15)

vY

(6.16)

= 2κD sin (kY 0 D) + 4cD sin (kY 0 D) cos (kX0 D)

α = β + 2κ cos (kX0 D) + 2κ cos (kY 0 D) + 4c cos (kX0 D) cos (kY 0 D)

(6.17)

γ = κD2 cos (kX0 D) + 2cD2 cos (kX0 D) cos (kY 0 D)

(6.18)

δ = κD2 cos (kY 0 D) + 2cD2 cos (kX0 D) cos (kY 0 D)

(6.19)

ε = −4cD2 sin (kX0 D) sin (kY 0 D) .

(6.20)

The parameters vX and vY give the transverse velocity of the beam in the X and Y directions
as it propagates in the lattice. α gives the propagation constant of the beam. The amount
of diffraction in the X and Y directions is determined by the quantities γ and δ. Finally, ε
is the diffraction coefficient that results from the long range couplings.
Notice that from Eqs. (6.18), (6.19) and (6.20), the diffraction coefficients γ, δ, and ε
depend on the values of kX0 D and kY 0 D, thus in the linear regime, the diffraction behavior
of the array can be tailored/altered depending on the position of the Bloch momentum
vector within the Brillouin zone. It is also clear that, in general, γ, δ, and ε are not equal,
and as a consequence the diffraction behavior in 2D waveguide arrays is anisotropic and in
some cases highly anisotropic). This leads to a host of possibilities that are not possible
in continuous systems. For example, not only can the strength of diffraction differ in each
transverse direction, but the type (± sign) can also be different, i.e. normal diffraction in
one direction and anomalous diffraction in the other, depending on the X − Y curvature of
the first band (dispersion relation).
Figure 6.4 shows BPM simulations of the diffraction of the circular 2D discrete Gaussian
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Figure 6.4: (a) Circular discrete Gaussian input beam. (b) Discrete diffraction similar to
continuous systems occurs when the beam is launched straight into the array (kX0 D =
kY 0 D = 0). (c) kX0 D = π/2 and kY 0 D = 0 results in highly anisotropic diffraction. (d)
Diffraction in both directions can be minimized if kX0 D = kY 0 D = π/2, although higher
order diffraction effects slightly distort the beam.
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input beam (shown in Fig 6.4(a)) for different Bloch vectors. If the beam is launched straight
into the array such that kX0 D = kY 0 D = 0, then as can be seen in Fig. 6.4(b) the beam
diffracts in much the same way as it would in a continuous system. However, since the light
is confined in the waveguides the diffraction is discrete. If the input angle is increased in the
X direction to make kX0 D = π/2 (θX = 1.35◦ ) while keeping kY 0 D = 0, from Eqs. (6.18)
and (6.19) it can be seen that γ = 0, thus there is minimal diffraction in the X direction.
However, δ is maximized leading to the highly anisotropic diffraction seen in Fig. 6.4(c),
where the beam diffracts significantly only in the Y direction resulting in a highly elliptic
beam. Also in Fig. 6.4(c), the beam traveled across the array in the transverse X direction
since vX is finite and vY = 0 as is determined from Eqs. (6.15) and (6.16). Diffraction
can be minimized in both directions by launching the beam with θX = θY = 1.35◦ so that
kX0 D = kY 0 D = π/2. Since kX0 D = kY 0 D, vX = vY and the beam travels at a 45◦ angle in
the transverse plane. For these launch angles both γ and δ are zero and Fig. 6.4(d) shows
that there only a small amount of third order diffraction distorting the beam. Third order
diffraction manifests itself through oscillations at either the leading or trailing edges of the
beam depending on whether it is negative or positive, respectively [60]. In a 2D waveguide
array, the third order diffraction term is negative resulting in the small deformations on the
leading X and Y edges of the beam seen in Fig. 6.4(d).

6.2 Discrete Elliptic Solitons

As in the 1D case, the dispersive behavior of the lattice can be suppressed via material
nonlinearity, therefore, leading to the formation of 2D discrete solitons [1,34]. Since discrete
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solitons form from the balance between diffraction and nonlinearity, elliptic discrete solitons
are possible in 2D waveguide arrays as a result of the diffraction anisotropy they exhibit. For
a given amount of nonlinearity, the width of a soliton is related to the amount of diffraction,
therefore, if there is more diffraction in the Y direction than in the X direction, the soliton
solution will be broader in the Y direction. Thus, the soliton will have an elliptical shape
and the amount of ellipticity depends on the Bloch momentum vector (kX D, kY D).
To begin the analysis of elliptic discrete soliton, we first normalize Eq. (6.2) such that
z = κZ and the field is rescaled with respect to the saturation field ϕs such that Em,n =
ρϕs Um,n to obtain
i

∂Um,n
+ βUm,n + Um−1,n + Um+1,n + Um,n−1 + Um,n+1
∂z
+r (Um−1,n−1 + Um−1,n+1 + Um+1,n−1 + Um+1,n+1 ) +

|Um,n |2
Um,n = 0
1 + ρ2 |Um,n |2

(6.21)

where Um,n is the normalized modal field amplitude in waveguide (m,n), r ≡ c/κ, and
ρ2 = 2κ/k0 n2 ϕ2s . Following the same procedure that was used in the linear array, let Um,n
have the form
Um,n = Φm,n eimkx d einky d .

(6.22)

Substituting this form of Um,n into Eq. (6.21) and by again applying the Taylor series
expansions in Eqs. (6.10) - (6.13), the evolution of the discrete envelope Φm,n is described
in the continuous regime, i.e.,

i

∂Φ
∂Φ
∂Φ
+ vx
+ vy
∂z
∂x
∂y


+ αΦ + γ

∂2Φ
∂2Φ
∂2Φ
|Φ|2
+
+
δ
+
ε
Φ = 0,
∂x2
∂y 2
∂x∂y 1 + ρ2 |Φ|2

(6.23)

where vx = 2d sin(kx d) + 4rd sin(kx d) cos(ky d) and vy = 2d sin(ky d) + 4rd sin(ky d) cos(kx d)
are the transverse velocities in the normalized x = X/a and y = Y /a directions. α =
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β + 2 cos (kx d) + 2 cos (ky d) + 4r cos (kx d) cos (kx d) is the propagation constant and the array
diffraction coefficients are given by γ = d2 cos(kx d)+2rd2 cos(kx d) cos(ky d), δ = d2 cos(ky d)+
2rd2 cos(kx d) cos(ky d), and ε = −4rd2 sin(kx d) sin(ky d), where distance between waveguides
is also scaled as d = D/a.
Let Um,n = ψm,n exp (iαz), therefore

i

∂ψ
∂ψ
∂ψ
+ vx
+ vy
∂z
∂x
∂y


+γ

∂2ψ
∂2ψ
∂2ψ
|ψ|2
+
δ
+
ε
+
ψ = 0,
∂x2
∂y 2
∂x∂y 1 + ρ2 |ψ|2

(6.24)

A coordinate translation transformation can be applied to eliminate the transverse velocity
terms, i.e. ξ = z, η = x − vx z, and τ = y − vy z, to obtain
i

∂ψ
∂2ψ
∂2ψ
∂2ψ
|ψ|2
ψ = 0,
+γ 2 +δ 2 +ε
+
∂ξ
∂η
∂τ
∂η∂τ
1 + ρ2 |ψ|2

(6.25)

In the search for soliton solutions, we would like to remove that mixed derivative term
∂ 2 ψ/∂η∂τ . This is achieved by a coordinate rotation where the new coordinates (u, v) are
given by










 u   cos θ sin θ   η 
 =
 .
  
 
v
− sin θ cos θ
τ

(6.26)

Thus, the rotation angle θ for which the mixed derivative term is zero is found to be
tan(2θ) = 4r

sin(kx d) sin(ky d)
,
cos(ky d) − cos(kx d)

(6.27)

and the continuous equation describing the evolution of the field envelope is
i

∂ψ
∂2ψ
∂2ψ
|ψ|2
+µ 2 +ν 2 +
ψ = 0,
∂ξ
∂u
∂v
1 + ρ2 |ψ|2

(6.28)

µ = γ cos2 θ + δ sin2 θ + ε cos θ sin θ

(6.29)

ν = γ sin2 θ + δ cos2 θ − ε cos θ sin θ.

(6.30)

where
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Figure 6.5: The major axis of the elliptical soliton envelope is rotated by an angle θ with
respect to the x axis

In the nonlinear regime, based on Eq. (6.28), discrete elliptic solitons are expected
to exist with their principal axes lying along the new rotated (u,v) coordinates with their
amount of ellipticity determined by the diffraction anisotopy ε and µ as shown in Fig. 6.5.
Note that the parameters θ, ε, and µ depend again on kx d and ky d. Thus, the orientation of
these discrete elliptic solitons, as well as their ellipticity, are also determined by the position
of the Bloch momentum vector within the Brillouin zone. To identify such discrete elliptic
solitons, their envelope function is first obtained by numerically solving Eq. (6.28) and is
then used as input in Eq. (6.1) in order to exactly monitor the discrete soliton transport
dynamics. An example of discrete elliptic soliton formation with kx d = 0.8 and ky d = 0 is
illustrated in Fig. (6.6). Under linear conditions, the elliptic input beam (corresponding to
the elliptic discrete soliton of Eq. (6.28) at z = 0) considerably diffracts in this array after
2.4 cm as shown in Fig. 6.6(b). On the other hand, in the presence of nonlinearity, this same
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elliptic beam remains practically invariant throughout propagation indicating formation of
an elliptic discrete soliton. In addition, we found that when the magnitude of the Bloch
vector is in the range

√

kx d2 + kx d2 ≤ 0.6 (near the bottom of the Brillouin zone) the 2D

discrete solitons are almost circular and propagate invariantly in the lattice. However, at
higher values of (kx d, kx d), where the DS becomes appreciably elliptic, we found that it tends
to destabilize into a circular shape due to higher order effects. We also attribute this behavior
to the fact that for arbitrary (kx d, kx d) parameters, the discrete soliton sees a non-periodic
environment during propagation.
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Figure 6.6: (a) Discrete elliptic soliton solution for kx D = 0.8 and ky D = 0. (b) In the linear
regime, the beam diffracts considerably. (c) When nonlinearity is present, a discrete elliptic
soliton is formed.
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CHAPTER 7: 2D VECTOR DISCRETE SOLITONS

As is the case with 1D arrays, 2D waveguide lattices also support vector DSs. In this chapter,
we will identify and investigate 2D vector DS in models of square lattices of nonlinear optical
waveguides. These vector self-localized states are, in fact, self-induced channels in a nonlinear
photonic-crystal matrix. Such vector solitons states can exist through the mutual trapping of
two orthogonally polarized waves. Optical beams exhibiting different carrier wavelengths can
also behave the same way. Using Newton relaxation methods, we will obtain stationary 2D
vector DS solutions, examine their stability through the computation of linearized eigenvalues
for small perturbations. We will also estimate the physical parameters necessary for the
formation of such soliton entities.

7.1 Formulation of the Problem

We consider a 2D square nonlinear waveguide array consisting of identical regularly
spaced elements. Each waveguide is assumed to be linearly and circularly birefringent and
therefore carries two circular or linear mutually orthogonal polarization modes that interact nonlinearly via XPM. If the birefringence is very high, FWM effects are negligible and
thus are omitted in this study. In a birefringent core, the circular polarizations are linearly
coupled [114]. A similar situation exists in a twisted core when linear polarizations are involved [114]. In addition to that, one may also consider the case when two light beams have
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two different wavelengths. In this case, linear coupling is absent and effectively the dynamics
of the problem are dictated by nonlinear SPM and XPM interactions.
The appropriately normalized general model, involving all the above-mentioned processes,
takes the form
dψm,n
= −∆2 ψm,n − (|ψm,n |2 + β|φm,n |2 )ψm,n − κφm,n
dz
dφm,n
i
= −∆2 φm,n − (|φm,n |2 + β|ψm,n |2 )φm,n − κψm,n ,
dz

i

∆2 ψmn ≡ C(ψm+1,n + ψm−1,n + ψm,n+1 + ψm,n−1 − 4ψm,n )

(7.1)
(7.2)
(7.3)

where z is the propagation distance along the waveguides, and β is the ratio of the XPM
and SPM coefficients. For electronic nonlinearities the interaction between two linear polarizations is associated with β = 2/3, whereas for the circular polarizations, β = 2; the
latter value applies also to the case where the modes ψm,n and φm,n involve different carrier wavelengths [114]. The linear coupling constant C between adjacent waveguides, which
appears in the definition of the 2D discrete Laplacian ∆2 (see Eq. (7.3), is related to the
effective lattice spacing h as C = 1/h2 . κ accounts for the linear coupling (if any) among
the two modes inside each waveguide. It is obvious that κ can be made positive or negative
depending on the sign of the birefringence nx − ny . When we consider the effect of κ on
the dynamical properties of solitons we will, for completeness, display the results for both
κ > 0 and κ < 0. Note that, for the symmetric soliton, the linear coupling yields negative
and positive contributions, respectively, to the system’s Hamiltonian in the cases κ > 0 and
κ < 0. Therefore one may expect that the solitons may be stable in the former case and
unstable in the latter case. It will be demonstrated that this is true indeed.
Before we proceed to identify solitons, it is important to analyze the spectrum of linear
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modes in the system. Searching for a solution of the linearized equations (7.1) and (7.2) in
the standard form
ψm,n = ψ (0) ei(Λz+kx m+ky n)
φm,n = φ(0) ei(Λz+kx m+ky n) ,

(7.4)

(where m and n are integers) we find that the dispersion relation includes two branches


Λ = ±κ − 4C sin2 (kx /2) + sin2 (ky /2) .

(7.5)

As follows from expression (7.5), there are the following two branches in the system’s spectrum:
κ − 8C < Λ < κ

(7.6)

−κ − 8C < Λ < −κ

(7.7)

For example, if κ is a positive parameter, note that a gap,
− κ < Λ < κ − 8C

(7.8)

exists between the two branches provided that κ > 4C. It is relevant to compare the allowed
bands (7.6) and (7.7) with a region in the Λ space where solitons are, in principle, possible.
Exponentially decaying tails of the soliton also obey the linearized version of Eqs. (7.1) and
(7.2). In the asymptotic region far from the soliton’s core, one may naturally expect that
the tail becomes asymptotically isotropic (which is corroborated by numerical solutions for
solitons, see below) and the linearized equations may be approximated by their continuumlimit form. This implies that the asymptotic shape of the tail, in both ψ and φ components,
√
is ψm,n , φm,n ∼ (m2 + n2 )−1/2 exp(iΛz − ρ m2 + n2 ), where Λ is the soliton’s propagation
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constant and ρ is a positive constant. It then follows that the relation between Λ and ρ
assumes the form
Λ = ±κ + Cρ2

(7.9)

Comparison of Eq. (7.9) with the allowed branches (7.6) and (7.7) shows that solitons
corresponding to the positive sign of κ in Eq. (7.9) may exist precisely above the upper
band, in accordance with the commonly known principle that the propagation constants
of radiation waves and solitons do not overlap, as otherwise solitons will be losing energy
through emission of radiation.
Solitons which correspond to the negative sign of κ in Eq. (7.9) may overlap with the
upper band, in which case we expect that they do not exist or are unstable (recall that the
dispersion equation (7.9) is only a necessary, but not sufficient, condition for the stability of
the localized solutions). Note that the solitons corresponding to the negative sign of κ in Eq.
(7.9) could potentially exist in the gap of Eq. (7.8), should the gap be present. However, in
this work, we do not consider the case when this gap is possible.
In order to identify vector discrete solitons, we look for stationary solitary-wave solutions
of Eqs. (7.1) and (7.2), which have the form
ψm,n = um,n eiΛ1 z

(7.10)

φm,n = vm,n eiΛ2 z

(7.11)

where Λ1 and Λ2 are the propagation constants of the two components of the soliton (they
may be different in the absence of linear coupling). The substitution of Eqs. (7.10) and
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(7.11) into Eqs. (7.1) and (7.2) yields equations for the real static fields um,n and vm,n ,
F (um,n , vm,n ) = ∆2 um,n + (|um,n |2 + β|vm,n |2 )um,n + κvm,n − Λ1 um,n

(7.12)

G(um,n , vm,n ) = ∆2 vm,n + (|vm,n |2 + β|um,n |2 )vm,n + κum,n − Λ1 vm,n

(7.13)

A numerical solution to Eqs. (7.12) and (7.13) (with Λ1 and Λ2 , generally, different if k = 0
and with Λ1 ≡ Λ2 if κ 6= 0) will be obtained in the following section by means of a Newton
iteration method. Here, we only consider vector discrete solitons that involve only in-phase
um,n and vm,n components (unstaggered) for stability reasons as these states tend to minimize
the system’s Hamiltonian.
Once the solution is obtained, we will perform linear stability analysis around it, looking
for perturbed solutions as [115–119]
∗

ψm,n = eiΛ1 z [um,n + am,n eiωz + bm,n e−iω z ]
∗

φm,n = eiΛ2 z [um,n + cm,n eiωz + dm,n e−iω z ]

(7.14)
(7.15)

where  is the infinitesimal amplitude of the perturbation and ω is the eigenvalue corresponding to the linear (in)stability mode.
Thus, the path that is followed in the following section for the numerical investigation of
(7.1) and (7.2) can be summarized as follows:
1. We first solve Eqs. (7.12) and (7.13) numerically.
2. Then the linear stability eigenvalue problem is solved, and the eigenvalues and eigenstates are obtained.
3. If the computation of the eigenvalues indicates the presence of an instability, we perform
numerical integration of the Eqs. (7.1) and (7.2) with the numerically exact unstable
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solution taken as the initial configuration (in some cases, a small perturbation proportional to the unstable eigenmode is added, in order to accelerate the development of
the instability). The objective is to monitor the evolution of the instability.
These steps will be carried out for four different relevant sets of parameter values, namely:
(i) β = 0, κ 6= 0, and Λ1 = Λ2 ≡ Λ (Λ will be kept fixed); (ii) β = 2 or 2/3, κ = 0, and
Λ1 6= Λ2 , which corresponds to the array carrying two polarizations of light (linear if β = 2/3
or circular if β = 2, in both cases without linear mixing between the polarizations) or two
different wavelengths (β = 2). (iii) Arbitrary β 6= 0, κ = 0, and Λ1 = Λ2 ≡ Λ (Λ will be
kept fixed), which is a more formal case, added for the completeness of the study of the
model. (iv) β = 2, 2/3, κ 6= 0, and Λ1 = Λ2 (Λ will be kept fixed), which is the most general
case. It includes, if β = 2, two polarizations with the linear mixing between them. In fact,
the above cases, (i)-(iv), represent one-parameter cuts through the parameter space of each
physical version of the model at a fixed value of the soliton’s propagation constant s. It has
been found that these cuts display the basic phenomenology of the system in the generic
form. In most cases, the cuts are made at fixed values of the propagation constant, but by
varying the linear-coupling constant κ. The purpose of this mode of presentation of results
is to demonstrate the role of the strength of the linear coupling while the size of the soliton,
which can be roughly estimated as Λ−1/2 , remains constant.
As mentioned above, the stability analysis, in terms of the eigenvalues of small perturbations, is an important ingredient of the consideration. Therefore, it is relevant to describe
here what types of the eigenvalues may be expected. If κ = 0, there are four zero eigenmodes.
In this case, there are two conserved norms (powers), one for each component. On the con-
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trary, if κ 6= 0, it is evident that only the sum of the two powers,

2
m,n (|ψm,n |

P

+ |φm,n |2 ), is

conserved. Hence, as soon as κ becomes different from zero, one of the eigenvalue pairs at
the origin has to bifurcate away. Besides that, there are two nonzero translational-eigenvalue
pairs ωtr (one pertaining to each component of the stationary beam). Lastly, there are the
continuous-spectrum branches, obeying the dispersion relations
ω = ±[Λ1 ± κ + 2C(2 − coskx − cosky )]

(7.16)

ω = ±[Λ2 − κ + 2C(2 − coskx − cosky )]

(7.17)

7.2 Numerical Results

7.2.1

The System with Linear Coupling

We now examine the nature and stability of solutions for the four cases specified in
the preceding section. The first case we consider has parameter values β = 0, κ 6= 0,
and Λ1 = Λ2 . We fix h ≡ C −1/2 = 0.75 and Λ1 = Λ2 = 2, and vary κ in the interval
−4 ≤ κ < 2. Note that both positive and negative values of the linear-coupling constant
κ are physically meaningful (the same pertains to the birefringence induced linear mixing
between two circular polarizations [92]). We stress that no soliton solutions have been found,
for fixed Λ1 = Λ2 = 2, in the case κ > 2, in precise agreement with the fact that solitons
cannot exist with Λ < κ, see Eq. (7.9).
Results known from the 1D continuum model of the dual core nonlinear optical fiber
[120] suggest that the solution of two different types may be expected in this case: obvious
symmetric ones, with identical field configurations in the two components, and nontrivial
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solutions with a spontaneously broken symmetry. We start the analysis with the symmetric
solitons.
For κ > 0, we find that, as one of the two phase invariances is broken, only one of the
two phase eigenvalue pairs remains at the origin. The other pair immediately undergoes a
bifurcation along the imaginary axis, yielding an instability of the symmetric soliton, which
sets in at κ = 0. As κ is increased, the amplitude of the solution decreases and its width
increases, so that the norm of the solution decreases, as is shown in Fig. 7.1(a). At κ ≈ 0.24
(corresponding to the minimum in the inset of Fig. 7.1(a) and implying a saddle-node
bifurcation), an additional pair of eigenfrequencies, that has bifurcated from the continuous
spectrum, also becomes imaginary, adding to the instability of the configuration (see Fig.
7.1(b) for κ = 0.3). At this point, we see that the norm of the solution begins to increase
with κ . Finally, as κ is further increased, the first imaginary pair starts moving towards
the real axis (at κ ≈ 1.0). During its return to the real axis, the pair collides with the
second pair of imaginary eigenvalues. The two pairs then continue to approach the real axis
together and become real at κ = 1.7. Therefore, at κ > 1.7, the symmetric soliton is stable,
in analogy with what is known about the continuum dual-core model [120]
We simulated the dynamical evolution of the symmetric soliton in the case in which it
is unstable. We have found, as shown in Figs. 7.1(c) and (d), that the unstable solution
evolves into a state oscillating around an asymmetric configuration, in which most of the
power is contained in one of the two components. The corresponding stationary asymmetric
configuration has been numerically identified and found to be stable at all the values of the
parameters at which it was investigated (0 < κ ≤ 0.4). In particular, for κ = 0.3 (the
same value as that used in Fig. 7.1), the asymmetric configuration and its linear-stability
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eigenvalues are shown in Fig. 7.2.
In the case κ < 0, contrary to what was the case for κ > 0, the symmetric beam
steepens as |κ| is increased and the norm of the solution increases as shown in Fig. 7.3(a).
The eigenvalue bifurcation in this case is along the real axis, hence no instability sets in
for very small |κ|. However, very “soon” at κ = 0.0025 the eigenvalues collide with those
corresponding to the translational modes (which, at these values of the parameters, were
located in the gap between the origin and the continuous spectrum), moving towards the
origin. This event leads to an oscillatory [121–125] (alias Hamiltonian Hopf [126]) bifurcation
to instability through the generation of a quartet of genuinely complex eigenvalues; recall
that, due to the Hamiltonian nature of the problem, when ω is an eigenfrequency, so are
−ω, ±ω ∗ , which together constitute the quartet. This behavior can be observed in the
spectral plane (ωr ,ωi ) of Fig. 7.3(b) for κ = −0.45. Eventually, the eigenvalues return to
the continuous band at κ = −3.4 after a tortuous path, but as discussed in Ref. [123], this is
a finite-size effect. In the case of the infinite domain, the eigenvalues return to the axis only
for more negative values of κ . In the latter case, the return occurs beyond the upper-band
edge of the continuous spectrum as opposed to the return that occurs inside the gaps of the
band in the finite system.
Simulating the dynamical evolution of the instability (see Figs. 7.3(c) and (d)), we
typically find that, after some oscillations associated with the nature of the instability, the
soliton of the present type (corresponding to κ < 0) does not rearrange itself into a stable
one. Instead, it completely decays into small-amplitude radiation waves.
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Figure 7.1: (a) The norms (p) of the components as a function of κ for the symmetric
solution. The inset shows that the norms decrease for small values of κ, but increase beyond
for κ > 0.24. (b) The (ωr , ωi ) spectral plane for κ = 0.3. The two components at (c) z = 0
on the left and at (d) z = 6 on the right for κ = 0.3. (e) The oscillation of the amplitude
squared of the central site ((m, n) = (20, 20)) of the two components as a function of time.
This suggests the solution is attempting to transform into the stable asymmetric solution.
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Figure 7.2: (a) The asymmetric solution and its linear stability picture are shown for κ = 0.3.
(b) From the eigenvalues of the perturbed problem the asymmetric solution is stable.

7.2.2

Systems with nonlinear SPM and XPM interactions

We now consider a case with zero linear-coupling and nonzero XPM coefficients: β = 2,
κ = 0, and Λ1 > Λ2 (recall this case pertains to two circular polarizations or two carrier
wavelengths without resonant radiation field inducing transitions between the two components). We set, in particular, h ≡ C −1/2 = 0.75 and Λ1 = 3, and gradually decrease Λ2
from the initial value Λ2 = 3. We observe that, in this case, the second component grows
in amplitude, while the first component gradually decreases its amplitude, as is shown in
Fig. 7.4(a). In this case, since κ = 0, both phase eigenvalue pairs are at the origin and both
norms are conserved. This implies that no oscillatory instability can arise in this setting.
Therefore, the only instability that can occur is via an excursion of the eigenvalue pair of the
continuous spectrum through the origin to the imaginary axis. This was, in fact, observed
to occur at Λ2 = 1.35 as shown in Fig. 7.4(b) for Λ2 = 0.6. In this case, the simulated
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Figure 7.3: (a) The norm of each component increases as κ becomes more negative. (b)The
quartet of unstable eigenvalues in the (ωr , ωi ) spectral plane for κ = −0.45. (c) The two
components at z = 0 and (d) z = 8 κ = −0.45.
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Figure 7.4: (a) The norm of the first compnent (the line with circles) is decreasing, whereas
the norm of the second component (the line with asteriks) is increasing by the same amount
as Λ2 is decreased. (b) The (ωr , ωi ) spectral plane for Λ2 = 0.6. (c) The two components at
z = 0 on the left and at z = 4.0 on the right for Λ2 = 0.6.
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dynamical evolution of the instability leads to the total decay of the soliton into lattice
“phonons”.
In the case of Λ2 > Λ1 (Λ1 is once again fixed to be 3), the first component of the soliton
is the one that grows with Λ2 , whereas the second component decreases its amplitude, as
can be seen in Fig. 7.5(a). In this case, the eigenfrequencies move outwards (as opposed to
the inward motion reported above for the case Λ2 < Λ1 ), hence no instability is observed for
increasing values of Λ2 .
The evolution of the continuous spectrum eigenvalues in this case can be directly predicted
from Eqs. (7.16) and (7.17) Since the two bands of the continuous spectrum consist of the
intervals ω ∈ ±[Λ1 , Λ1 + 8C] and ω ∈ ±[Λ2 , Λ2 + 8C], the motion of the band edges can
be seen to be in agreement with the numerical findings presented above. In fact, we have
also checked that, for Λ2 > Λ1 + 8C, the two bands separate and the continuous spectrum
consists of two distinct intervals.
The situation is different in the case where the XPM coefficient takes the other physically
relevant value, β = 2/3. In this case, for Λ1 > Λ2 , it is the first (rather than the second as
in the case β = 2) component of the soliton that grows in its amplitude and norm. Vice
versa for Λ1 < Λ2 , it is the second (rather than the first as in the case β = 2) component
that grows.
We now move on to the case with arbitrary β 6= 0, while κ = 0 and Λ1 = Λ2 . Arbitrary
values of β are not of direct physical relevance, but we study this case here for reasons of
completeness of the exposition. For β < 0, we start with Λ1 = Λ2 = 5 and h = 0.55; this
relatively small h is used to probe the translational modes. In particular, for h = O(1), the
translational eigenfrequencies have already merged with the continuous spectrum and do not
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Figure 7.5: (a) The norm of the first component (the line with circles) is increasing, whereas
the norm of the second component (the line with asteriks) is decreasing by the same amount
as Λ2 is increased. (b) In the spectral plane, the two separated continuous bands are clearly
visible. In this case, h = 2 in order to see the band separation for reasonably small values
of Λ1 .

create instabilities. However, for the smaller h used here, they are still in the gap and their
behavior under the perturbations can be observed. In particular, for β < 0, one of the two
pairs of the translational eigenvalues moves towards the origin; as a result, the eigenfrequencies rapidly find themselves on the imaginary axis. The critical β for which they become
unstable is ∼ −0.1987. Notice that in this case, the amplitude of the solution increases
as β becomes more negative, as it is shown in Fig. 7.6(a). Simulations of the dynamical
evolution of this instability lead, essentially, to the breaking of the soliton’s symmetry, which
eventually destroys one of its components and leaves, as an asymptotic state, a nonlinear
solitary wave plus lattice radiation in one component and solely the radiation in the other
one, as is shown in Figs. 7.6(c) and (d).
On the contrary, for β > 0, once again one of the translational eigenfrequency pairs moves,
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Figure 7.6: (a) The norms of the solutions increase as β becomes more negative. (b) The
presence of imaginary eigenfrequencies in the (ωr , ωi ) spectral plane for β = −0.65 leads to
instabilities. (c) The two components at z = 0 and (d) z = 0.6 for β = −0.65.

but this time it moves towards the continuous-spectrum’s band edge and no instability arises
in the analysis. Parallel to this, the amplitude of the two components decrease.

7.2.3

Systems with Both Linear Coupling and Nonlinear Interactions

Finally, we examine the case where both β and κ are nonzero. For β = 2 and κ > 0
(Λ1 = Λ2 = 4 and h = 0.75), we find that the amplitudes of the beams decrease as κ increases.
In this case, the phase eigenmodes bifurcate along the real axis due to the large value of the
XPM coefficient β. Notice that this is opposite to the β = 0 case. The eigenvalues bifurcate
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from the continuous spectrum, collide with the eigenvalues of the phase modes (passing
through them), and eventually reach the origin, exiting as an unstable pair at κ ≈ 2.25.
After an excursion along the imaginary axis, this unstable pair returns to the real axis and
for large κ (κ > 3.7), the soliton is stable again.
On the contrary, for β = 2 and κ < 0, the phase eigenvalues are imaginary (unstable).
When κ ≈ −2.5, these eigenvalues begin to return to the real axis. However, at κ ≈ −3.6,
a second pair of eigenvalues, which has bifurcated from the continuous spectrum, becomes
imaginary (see Fig. 7.7(b)). The two pairs collide on the imaginary axis and form a complex
quartet at κ ≈ −3.8 as shown in Fig. 7.7(c). In this case, the norm of both components
increase as is shown in Fig. 7.7(a). As for the continuous spectrum, it moves towards the
origin as κ becomes more negative. Finally, simulations of the evolution of the unstable
soliton in the model with β = 2 and κ 6= 0 always show its complete destruction, as is
displayed in Figs. 7.7(d) and (e).
For the weak XPM case, β = 2/3 and κ > 0, even though once again the beam decreases
in amplitude and widens, the eigenvalues move along the imaginary axis. They eventually
return from this excursion and become real once again at κ ≥ 1.35. The modes at the
edge of the continuous spectrum, however, also bifurcate, eventually becoming imaginary for
k > 2.3. This pair of eigenfrequencies also returns to the real axis when k ≈ 3.8. The latter
instability is dynamically manifested through fast destruction of the soliton.
In the case of κ < 0 and β = 2/3, the eigenfrequencies become real. However, the eventual
collision of the eigenvalues with the continuous band yields an oscillatory instability. This
is shown in the spectral-plane picture of Fig. 7.8(b). Figure 7.8(a) shows the increase in
the amplitude of the pulse as κ becomes more negative. After some transient oscillatory
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Figure 7.7: (a) The norm of the components increases as κ becomes more negative. The
(ωr , ωi ) spectral planes for (b) κ = −3.7 and (c) for κ = −4.9. The two componets at (d)
t = 0 and t = 60.5 for κ = −4.9.
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Figure 7.8: (a) The norm of the components as a function of κ. (b) The (ωr , ωi ) spectral
plane when κ = −1.0. The two components at (c) z = 0 and (d) z = 35.3 for κ = −1.0.

behavior, the manifestation of the instability for κ = −1.0 through the destruction of both
components of the soliton can bee seen in Figs 7.8(c) and (d).
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CHAPTER 8: CONCLUSIONS

In this dissertation, a detailed theoretical investigation of linear and nonlinear optical wave
propagation in one- and two-dimensional waveguide arrays has been presented. It has been
demonstrated that the propagation dynamics of light in optical waveguide arrays is characteristic of that encountered in discrete systems. As a result, it is possible to engineer the
diffraction properties of such structures, which leads to the ability to manipulate and engineer the flow of light in order to perform intelligent all-optical functions that are impossible
in continuous media.
In chapter 3 it has been shown that the effects of discrete diffraction can be completely
overcome through the mutual trapping of two orthogonally polarized coherent beams interacting in birefringent Kerr nonlinear waveguide arrays. This in turn leads to the formation
of vector discrete solitons. Within a single isolated AlGaAs nonlinear waveguide, polarization instabilities destabilize both the TE and TM polarizations above a certain threshold
power. However as a result of the linear coupling between adjacent waveguides, stable highly
localized linearly polarized DSs were found to exist in spite of FWM effects. These vector
states were also shown to exhibit robustness even when the relative phase between the TE
and TM polarized components was of the order of 20◦ although some power exchange occurs
due to FWM.
Semi-infinite waveguide arrays have also been shown to be a promising testbed in which
nonlinear surface wave dynamics can be readily investigated both theoretically and experi139

mentally. Within the first few waveguides of the semi-infinite array, mutual trapping of two
orthogonally polarized optical waves was found to occur. Since this region can be thought of
as the interface between a continuous medium and a discrete array, these mutually-trapped
entities are essentially vector discrete surface waves. Although similar to vector DSs, the
existence and stability of vector discrete surface waves is quite different. The most striking
difference is the presence of a minimum in their existence curves. To the left of this minimum
the nonlinear discrete surface wave solutions become broader and broader, thus causing the
total power conveyed to abruptly increase. By closely inspecting the eigenvalues associated
with field perturbations, it is found that the stability properties of these solutions behave
in agreement with the Vakhitov-Kolokolov criterion. Furthermore, stable linearly polarized
vector surface waves were found to exist again in spite of FWM.
Interfaces between two detuned semi-infinite waveguide arrays or waveguide array heterojunctions were shown to have possible important applications in waveguide array networks.
It has been shown that the detuning between the two semi-infinite arrays shifts the dispersion
relation of one array with respect to the other. Since only spatial frequencies that “support”
the propagation eigenvalue (or constant) can cross the interface, these systems provide spatial
filtering functions that may prove useful in future all-optical networks. With the inclusion of
an interface region that adiabatically transitions from one array to the other, the performance
of the spatial filter can be greatly enhanced.
These same structures can also be used as diffraction compensators by exploiting the
unique diffraction properties of discrete arrays. Because diffraction in waveguide arrays can
be anomalous as well as normal, diffraction compensation can be achieved in a way analogous
to dispersion compensation in dispersion managed optical fiber systems by considering the
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transfer function of a waveguide array.
These array interfaces open new areas of research and may prove extremely useful in the
development of soliton networks [40] and optical switches. Future work may be interested
in the possibility of directing multiple wavelengths using such structures. The filtering
properties of these systems may lead to the development of all-optical switching devices
that are capable of directing light of one wavelength, λ1 , down one path while at the same
time directing another wavelength, λ2 , down a different path as schematically shown in Fig.
8.1. Because the fundamental mode of the waveguides has a different profile, the coupling
coefficient will depend on the wavelength. Therefore this dispersion in the coupling coefficient
must be accounted for. The realization of such a device is of paramount importance for alloptical signal routing in WDM communication systems.

Figure 8.1: Optical switch that directs two different wavelengths λ1 and λ2 along different
paths.

The linear (diffraction) and nonlinear dynamics of two-dimensional waveguide arrays
were found to be significantly more complex and considerably more versatile than their
141

one-dimensional counterparts. By employing coupled mode theory, we demonstrated that,
as is the case in one-dimensional arrays, the discrete diffraction properties of these twodimensional lattices can be effectively altered depending on the propagation Bloch k-vector
within the first Brillouin zone. In general, this diffraction behavior is anisotropic leading to
beam spreading that is not possible in homogeneous systems. For example, diffraction in
the y-direction can be faster than that in the x-direction or diffraction can be anomalous
in one direction and normal in the other. In the nonlinear regime, this anisotropy in the
diffraction properties ultimately leads to the existence of a new class DS, namely discrete
elliptic solitons. It was found that the ellipticity as well as the orientation of these 2D
self-trapped states depends of the initial Bloch momentum (launch angle) of the beam.
Such 2D arrays also support two-dimensional vector soliton states, and their existence
and stability were also thoroughly explored in this work. The vector interactions in this
system were described by a pair of discrete nonlinear Schrödinger equations that implicitly
accounted for self- and cross- phase modulation effects. In particular cases, we also considered
the impact of linear coupling on the two vector components due to material birefringence.
Using Newtonian relaxation methods, we identified stationary vector solutions and examined
their stability properties.
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APPENDIX A: DERIVATION OF THE COUPLING
COEFFICIENTS
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Consider two dissimilar, cylindrical cores embedded in a bulk cladding medium having refractive index n0 . For the purposes of this discussion, assume one core has refractive index
np and radius ap and the other has refractive index nq and radius aq . From coupled mode
theory, the coupling coefficient between these two waveguides is given by [63]:

κpq

Z∞ Z∞

ω
=
4P

~ p∗ · E
~ q dxdy
{ε0 (x, y) − ε (x, y)} E

−∞ −∞
Z∞ Z∞

=

ωε0
4P



~ p∗ · E
~ q dxdy.
N 2 (x, y) − Nq2 (x, y) E

(A.1)

(A.2)

−∞ −∞

From Eq. A.2, it is obvious that in order to determine the coupling coefficient, the individual
field components of the LP01 mode must be found. Following the analysis in Okamoto’s
book [63], the six electromagnetic field components of the LP01 mode in a cylindrical, stepindex waveguide of radius a and core index n1 are given by the following expressions:
In the core region (0 ≤ r ≤ a):

Ex = CJ0 (U r)
Ey = 0
Ez = j

U
CJ1 (U r) cos (θ)
β

Hx = 0
ωε0 n21
CJ0 (U r)
β
U
= j
CJ1 (U r) sin (θ)
ωµ0

Hy =
Hz
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(A.3)

In the cladding region (r > a):
Ex = C

J0 (U a)
K0 (W r)
K0 (W a)

Ey = 0
U J1 (U a)
C
K1 (W r) cos (θ)
β K1 (W a)

Ez = j

(A.4)

Hx = 0
ωε0 n20 J0 (U a)
C
K0 (W r)
β
K0 (W a)
U
J1 (U a)
= j
C
K1 (W r) sin (θ) ,
ωµ0 K1 (W a)

Hy =
Hz

where r and θ are the cylindrical coordinates, Jν (x) is the Bessel function of the first kind
of order ν, Kν (x) is the modified Bessel function of the second kind of order ν. The
constants U and W are parameters of the waveguide given by U =
W =

p

p

k02 n2core − β 2 and

β 2 − k02 n2clad , where β is the propagation constant of the waveguide mode. The

constant C is related to the optical power by [63]:
r
2P
W
|C| =
,
V J1 (U a) πcε0 n1

(A.5)

where V is the V-number (see Eq. (A.34)) of the waveguide and P is
1
P =
2

Z2π Z∞
0


Ex Hy∗ − Ey Hx∗ rdrdθ.

(A.6)

0

In order to evaluate the integral in the numerator of Eq. A.2, it is important to understand the terms within the integral. First, N 2 (r, θ) (cylindrical coordinates are used for
convenience) represents the refractive index distribution of the entire system as shown in
Fig. A.1. Nq2 (r, θ) is the index distribution of only core q as in Fig. A.2. Therefore,



 n2p − n20 : 0 ≤ r ≤ ap
2
2
N (r, θ) − Nq (r, θ) =
,
(A.7)



0 : r > ap
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as shown in Fig. A.3.

Figure A.1: The refractive index distribution, N 2 , of the entire two core system.

Figure A.2: The refractive index distribution, Nq2 , of only core q.

Thus, the integral of Eq. A.2 can be rewritten in cylindrical coordinates as,
Z∞ Z∞
S=



2

N (x, y) −

Nq2

(x, y)

~ p∗
E

~ q dxdy =
·E

−∞ −∞

n2p

−

n20



Z2π Zap
0

~ p∗ · E
~ q rdrdθ
E

(A.8)

0

~ p∗ · E
~ q must be determined, where E
~ p and E
~ q are the LP01 modes of cores p and q,
Next, E
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Figure A.3: The distribution of N 2 − Nq2 used to calculate the coupling coefficient.

respectively.
∗
∗
∗
~ p∗ · E
~ q = Epx
E
Eqx + Epy
Eqy + Epz
Eqz .

(A.9)

For the LP01 modes, Epy = Eqy = 0 from Eqs. A.3 and A.4 and the z-components of the
fields are assumed to be much smaller than the x-components, therefore the z-components
~ p consist of the field
can be neglected. Moreover, since the integration is only within core p, E
~ q will be the field components outside core q. Substituting
components inside core p while E
in the appropriate x-components from Eqs. A.3 and A.4 gives,
J0 (Uq aq )
∗
~ p∗ · E
~ q = Epx
E
K0 (Wq ρ) ,
Eqx = Cp∗ J0 (Up r) Cq
K0 (Wq aq )

(A.10)

where the coordinates (ρ, φ) are part of a coordinate system having its origin at the center
of core q (as shown in Fig. A.4) so that Eqs. A.3 and A.4 are valid. Before the integrals
in the numerator of Eq. A.2 can be evaluated, the (ρ, φ) coordinates must be converted to
(r, θ) coordinates. Looking at Fig. A.4 and using the law of cosines,
ρ=

p

D2 + r2 − 2Dr cos (θ).
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(A.11)

Figure A.4: The coordinate systems used for the integration of Eq. A.2.

If D  r,
ρ=

p

r
D2 − 2Dr cos (θ) = D

1−2

r
cos (θ).
D

(A.12)

Therefore,
ρ ' D − r cos (θ) .

(A.13)

Since the fields are independent of φ, it is not necessary to covert the φ-coordinate.
Substituting Eqs. A.10 and A.13 into Eq. A.8 gives,
S = n2p − n0


2

J0 (Uq aq )
Cp∗ Cq
K0 (Wq aq )

Z2π Zap
J0 (Up r) K0 (Wq (D − r cos θ)) rdrdθ.
0

Using the approximation K0 (z) '
K0 (Wq (D − r cos θ)) '

r

p

(A.14)

0

π/2z exp (−z),

π
exp {−Wq (D − r cos θ)} .
2Wq (D − r cos θ)

(A.15)

Since D is assumed to be much greater than r,
K0 (Wq (D − r cos θ)) '

r

π
exp (−Wq D) exp (Wq r cos θ)
2Wq D

' K0 (Wq D) exp (Wq r cos θ)
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(A.16)

Thus Eq. A.14 becomes,

J0 (Uq aq )
n2p − n20 Cp∗ Cq
K0 (Wq D)
K0 (Wq aq )
Z2π Zap
×
J0 (Up r) exp (Wq r cos θ) rdrdθ.

S =

0

(A.17)

0

Inorder to evaluate the integrals, first change the order of integration and multiply and divide
by π to give
Z2π Zap
I=

Zap
J0 (Up r) exp (Wq r cos θ) rdrdθ = π

0

0

1
rJ0 (Up r)
π

0

Now using the identity 2I0 (z) = 1/π

R2π

Z2π
exp (Wq r cos θ) dθdr (A.18)
0

exp (z cos θ) dθ for the zeroth order modified Bessel

0

function of the first kind, Eq. A.18 is simplified to
Zap
I = 2π

rJ0 (Up r) I0 (Wq r) dr

(A.19)

0

Let η = r/ap , therefore r = ηap and dr = ap dη. This change of variables gives
I=

2πa2p

Z1
ηJ0 (Up ap η) I0 (Wq ap η) dη.

(A.20)

0

Note the integral formula,
Z1
zJ0 (U z) I0 (W z) dz =

J0 (U ) W I1 (W ) + I0 (W ) U J1 (U )
,
U2 + W 2

(A.21)

0

where Iν (x) is the modified Bessel function of the first kind of order ν.
Therefore, the integrals integrate to
)
(
J
(U
a
)
W
a
I
(W
a
)
+
I
(W
a
)
U
a
J
(U
a
)
0
p
p
q
p
1
q
p
0
q
p
p
p
1
p
p


I = 2πa2p
a2p Up2 + Wq2

(A.22)

Factoring out Up ap J1 (Up ap ) and multiplying and dividing by K1 (Wp ap ) gives
2πa3p
U J (U a )

 p 1 p p
I = 2 2
2
ap Up + Wq K1 (Wp ap )


J0 (Up ap )
×
Wq I1 (Wq ap ) K1 (Wp ap ) + I0 (Wq ap ) K1 (Wp ap )
Up J1 (Up ap )
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(A.23)

Remember the eigenvalue equation of the LP01 mode in core p,
J0 (Up ap )
K0 (Wp ap )
=
Up J1 (Up ap )
Wp K1 (Wp ap )

(A.24)

Using Eq. A.24 in Eq. A.23 gives
2πa3p
U J (U a )

 p 1 p p
a2p Up2 + Wq2 K1 (Wp ap )


K0 (Wp ap )
×
Wq I1 (Wq ap ) K1 (Wp ap ) + I0 (Wq ap ) K1 (Wp ap )
Wp K1 (Wp ap )

I =

(A.25)

which is simplified to
2πa3p
U J (U a )

 p 1 p p
I = 2 2
ap Up + Wq2 Wp K1 (Wp ap )

(A.26)

× {Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )}
Substituting Eq. A.26 into Eq. A.17, the integral of Eq. A.2 is given by

J0 (Uq aq )
n2p − n20 Cp∗ Cq
K0 (Wq D)
(A.27)
K0 (Wq aq )
2πa3p
U J (U a )

 p 1 p p {Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )}
× 2 2
2
ap Up + Wq Wp K1 (Wp ap )

S =

From Eq. A.5,
s

Cp∗

Wp
=
Vp J1 (Up ap )

s

Cq

Wq
=
Vq J1 (Uq aq )

2P
πcε0 np

(A.28)

2P
.
πcε0 nq

(A.29)

Thus,
Wp Wq
2P
Cp∗ Cq =
Vp Vq J1 (Up ap ) J1 (Uq aq ) πcε0

s

1
.
np nq

Substituting Eq. A.30 back into Eq. A.27 gives,
s

2P
1 J0 (Uq aq )
Wq
S = n2p − n20
K0 (Wq D)
Vp Vq J1 (Uq aq ) cε0 np nq K0 (Wq aq )
×

(A.30)

(A.31)

2a3p
Up


{Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )}
2
2
2
ap Up + Wq K1 (Wp ap )
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From the eigenvalue equation of the LP01 mode in core q
J0 (Uq aq )
Uq J1 (Uq aq )
=
K0 (Wq aq )
Wq K1 (Wq aq )

(A.32)

Therefore,
s
1
4P a3p n2p − n20
Up Uq K0 (Wq D)
S =
cε0
Vp Vq
np nq K1 (Wp ap ) K1 (Wq aq )
)
(
Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )


×
a2p Up2 + Wq2

(A.33)

Before Eq. A.33 is simplified further, remember the expression for the V-number of a cylindrical waveguide,
V = k0 a n2core − n2clad

 12

.

(A.34)

From the relative refractive index, ∆ ≡ (ncore − nclad )/ncore ,
nclad = ncore (1 − ∆)

(A.35)

Therefore using (1 − x)2 ' 1 − 2x,
n2core − n2clad

 12

 12

=

n2core − n2core (1 − ∆)2

'

1
n2core − n2core (1 − 2∆) 2

(A.36)

1

= ncore (2∆) 2 .
Thus, the V-number can be written as,
1

V = k0 ancore (2∆) 2 .

(A.37)

Looking back at Eq. A.33, consider the quantity
a3p n2p − n20
Vp Vq



1
np nq
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 12
.

(A.38)

Substituting Eq. A.36 and Eq. A.37 for Vp into Eq. A.38
a3p n2p − n20
Vp Vq



1
np nq

 21

a3p n2p 2∆p

=


1

k0 ap np (2∆p ) 2 Vq

1
np nq

1

 12
=

1

a2p np2 (2∆p ) 2
1

.

(A.39)

k0 nq2 Vq

Multiplying and dividing Eq. A.39 by Vq and using Eq. A.37 gives,
1

1

1

a2p np2 (2∆p ) 2
1

=

1

k0 nq2 Vq2

k0 nq2 Vq
Rewrite Eq. A.40 and use V
1

1

1

1

a2p np2 (2∆p ) 2 Vq

1
2

1

1

1

1

(A.40)

1

1

= k02 a 2 n 2 (2∆) 4 .
1

1

a2p np2 (2∆p ) 2 k0 aq nq2 (2∆q ) 2
k0 Vq2

1

1

a2p np2 (2∆p ) 2 k0 aq nq2 (2∆q ) 2
.
=
k0 Vq2

1

1

1

1

1

ap k02 np2 (2∆p ) 2 aq k02 nq2 (2∆q ) 2
= ap
(A.41)
k0 Vq2
h 1 1 1
i 1
h 1 1 1
i
1
1
1
1
1
2
2
2
2
2
2
2
2
4
4
4
4
ap (2∆p ) ap k0 np (2∆p ) aq (2∆q ) aq k0 nq (2∆q )
= ap
k0 Vq2
1
1
p
√
ap aq 4 4∆p ∆q Vp2 Vq2
= ap
.
k0 Vq2

Substituting Eq. A.41 into Eq. A.33 gives,
1
1
p
√
ap aq 4 4∆p ∆q Vp2 Vq2
Up Uq K0 (Wq D)
4P
S =
ap
2
cε0
k0 Vq
K1 (Wp ap ) K1 (Wq aq )
)
(
Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )


×
.
a2p Up2 + Wq2

(A.42)

Eq. A.42 simplifies slightly to can be rewitten in a more compact manner to give
  21
p
4P
U
U
Vp
K0 (Wq D)
√
p
q
S =
ap ap aq 4 4∆p ∆q
ck0 ε0
Vq
Vq
K1 (Wp ap ) K1 (Wq aq )
(
)
Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )


×
.
a2p Up2 + Wq2

(A.43)

Finally, substituting Eq. A.42 in Eq. A.2, the coupling coefficient is given by,
√

Up Uq
4∆p ∆q
Vq
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Vp
Vq

 21

K0 (Wq D)
κpq = ap ap aq
K1 (Wp ap ) K1 (Wq aq )
(
)
Wq K0 (Wp ap ) I1 (Wq ap ) + Wp I0 (Wq ap ) K1 (Wp ap )


×
.
a2p Up2 + Wq2
p
4

(A.44)

APPENDIX B: THE RELATIONSHIP BETWEEN THE
POWER TRANSMISSION COEFFICIENT AND THE FIELD
TRANSMISSION COEFFICIENT
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Figure B.1: The cross-section of a 1D array of dissimilar waveguides. The coupling strength
to the left is ln and to the right is rn for waveguide n.

B.1 The Discrete Wronskian

Consider the waveguide array in Fig. B.1, where for waveguide n the coupling strength
to the left is ln and to the right is rn . Therefore, the evolution of the modal field amplitudes
is given by:
i

∂un
+ δn un + ln un−1 + rn un+1 = 0
∂z

(B.1)

where δn = βn − β1 is the difference in the propagation constant between waveguide n and
say waveguide n = 1. Let un have the form,
un = vn eiµz .

(B.2)

Substituting Eq. (B.2) into Eq. (B.1) gives
rn vn+1 + (δn − µ) vn + ln vn−1 = 0.

(B.3)

Dividing by rn one obtains
vn+1 +

δn − µ
ln
vn + vn−1 = 0.
rn
rn
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(B.4)

Let’s assume that the difference equation of Eq. (B.4) has two independent solutions
(an , bn ), therefore
δn − µ
ln
an + an−1 = 0
rn
rn
δn − µ
ln
bn + bn−1 = 0.
bn+1 +
rn
rn

an+1 +

(B.5)
(B.6)

Multiplying Eq. (B.5) by bn and Eq. (B.6) by an , we obtain
δn − µ
an bn +
rn
δn − µ
bn+1 an +
b n an +
rn

an+1 bn +

ln
an−1 bn = 0
rn
ln
bn−1 an = 0.
rn

(B.7)
(B.8)

If we now subtract Eq. (B.7) from Eq. (B.8), we find that
(bn+1 an − bn an+1 ) +

ln
(an bn−1 − an−1 bn ) = 0
rn

(B.9)

Let’s define the discrete Wronskian as
Wn (an , bn ) ≡ bn+1 an − bn an+1

(B.10)

Thus from Eq. (B.9),
Wn =

ln
Wn−1
rn

(B.11)

Therefore, knowing an initial value of the Wronskian W0 all other values of the Wronskian
can be found from
(
)
Y ln
Wm =
W0 .
r
n
n

(B.12)

B.2 The Power Transmission Coefficient

Now assume that we have a waveguide hetero-junction like the one shown in Fig. 5.1.
Since the difference equation of Eq. (B.4) has real coefficients, if vn is a solution then vn∗ is
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also a solution. Let the modal field amplitudes be given by



 einkxIn D + re−inkxIn D for n → −∞
vn =



teinkxOut D
for n → ∞

(B.13)

Let W0 be obtained at n → −∞, therefore


i  inkxIn D
i
W0 (vn , vn∗ ) =
e
+ re−inkxIn D e−i(n+1)kxIn D + r∗ ei(n+1)kxIn D
2
2


− e−inkxIn D + r∗ einkxIn D ei(n+1)kxIn D + re−i(n+1)kxIn D

(B.14)

After performing the multiplications, combining like terms and using exp(ix) − exp(−ix) =
i2 sin(x), one obtains

i
W0 (vn , vn∗ ) = sin kxIn D 1 − |r|2
2

(B.15)

Now we can determine Wm (vn , vn∗ ) as n → ∞ from Eq. (B.12)
(
)
Y
i
ln
i
W0 (vn , vn∗ )
Wm (vn , vn∗ ) =
2
2 n rn


κ1 κ1 κ1 κ2 κ4
i
κm+1 κm+2 κm+3 κm+3
∗
W0 (vn , vn ) · · ·
···
· · · (B.16)
=
2
κ1 κ1 κ2 κ3 κ5
κm+2 κm+3 κm+3 κm+3
i
κ1
=
W0 (vn , vn∗ )
2
κm+3
Thus, i/2Wm (vn , vn∗ ) is

κ1
i
Wm (vn , vn∗ ) =
sin (kxIn D) 1 − |r|2 .
2
κm+3

(B.17)

Wm (vn , vn∗ ) can also be found from Eq. (B.13) as n → ∞, as a result
i  ∗ −i(n+1)kxOut D inkxOut D
i
Wm (vn , vn∗ ) =
te
te
− t∗ e−inkxOut D tei(n+1)kxOut D
2
2
i 2  −ikxOut D
=
|t| e
− eikxOut D
2
= |t|2 sin (kxOut D)
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(B.18)

From Eqs. (B.17) and (B.18)

κ1
i
sin (kxIn D) 1 − |r|2
Wm (vn , vn∗ ) = |t|2 sin (kxOut D) =
2
κm+3

(B.19)

Finally, one obtains the relationship between the power transmission coefficient and the field
transmission coefficient:
T = 1 − |r|2 =

κm+3 sin (kxOut D) 2
|t|
κ1 sin (kxIn D)
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(B.20)

LIST OF REFERENCES

[1] D.N. Christodoulides, F. Lederer and Y. Silberberg, “Discretizing light behaviour in
linear and nonlinear optical waveguide lattices”, Nature 424, 817 (2002).
[2] H. F. Taylor and A. Yariv, “Guided Wave Optics”, Proc. IEEE 62, 1044 (1974).
[3] A. Yariv, “Coupled-mode theory for guided wave optics”, IEEE J. Quantum Electron.
9, 919 (1973).
[4] J. Frenkel and T. Kontorova, “On the theory of plastic deformation and twinning”, J.
Phys. 1, 137 (1939).
[5] J. E. Fermi, J. R. Pasta, and S. M. Ulam, “Studies of nonlinear problems - Report No.
LA1940”, (Los Alamos National Laboratory, Los Alamos, 1955).
[6] N.W. Ashcroft and N.D. Mermin, Solid State Physics, (Saunders College, Philadelphia,
1976).
[7] M. Toda, “Vibration of a chain with nonlinear interaction”, J. Phys. Soc. Jap. 22, 431
(1967).
[8] M. Toda, “Mechanics and statistical mechanics of nonlinear chains”, J. Phys. Soc. Jap.
S 26, 235 (1969).
[9] S. Aubry, “Unified approach to interpretation of displacive and order-disorder systems
.2. Displacive systems”, J. Chem. Phys. 64, 3392 (1976).
[10] J. A. Krumhansl and J. R. Schrieffer, “Dynamics an statistical-mechanics of a onedimensional model Hamiltonian for structural phase-transitions”, Phys. Rev. B 11,
3535 (1975).
[11] A.S. Davydov, “Theory of contraction of proteins under their excitation”, J. Theor.
Biol. 38, 559 (1973).
[12] A. S. Davydov, Biology and Quantum Mechanics (Pergamon, Oxford, 1982).
[13] M. Peyrard and J. Farago, “Nonlinear localization in thermalized lattices: appliction to
DNA”, Physica A 288 199 (2000).
[14] A.S. Davydov and N. I. Kislukha, “Solitary excitons in one-dimensional molecular
chains”, Phyisica Status Solidi B 59 465 (1973).
[15] M. A. Collins, “Solitons in chemical physics”, Adv. Chem. Phys. 53, 225 (1983).
[16] M. A. Collins and D. P. Craig, “A model of localization, soliton propagation, and selftrapping in an electrically excited atomic lattice”, Chem. Phys. 75, 191 (1983).
158

[17] G. Kopidakis and S. Aubry, “Discrete breathers in realistic models: hydrocarbon structures”, Physica B 296, 237 (2001).
[18] S. Aubry, G. Kopidakis, A. M. Morgante, and G. P. Tsironis, “Analytic conditions for
targeted energy transfer between nonlinear oscillators or discrete breathers”, Physica B
296, 222 (2001).
[19] F. K. Abdullaev, B. B. Baizakov, S. A. Darmanyan, V. V. Konotop, and M. Salerno,
“Nonlinear excitations in arrays of Bose-Einstein condensates”, Phys. Rev. A 64, 043606
(2001).
[20] A. Trombettoni and A. Smerzi, “Discrete Solitons and Breathers with Dilute BoseEinstein Condensates”, Phys. Rev. Lett. 86, 2353 (2001).
[21] A. L. Jones, “Coupling of optical fibers and scattering in fibers”, J. Opt. Soc. Am. 55,
261 (1965).
[22] S. Somekh, E. Garmire, A. Yariv, H. L. Garvin, and R. G. Hunsperger, “Channel optical
waveguide directional couplers”, Appl. Phys. Lett. 22, 46 (1973).
[23] D. N. Christodoulides and R. I. Joseph, “Discrete self-focusing in nonlinear arrays of
coupled waveguides”, Opt. Lett. 13, 794 (1988).
[24] F. Lederer, S. Darmanyan, and A. Kobyakov in Spatial Optical Solitons (eds. S. Trillo
and W. E. Torruellas) (Springer-Veriag, New York, 2001) p. 269-292.
[25] Y. S. Kivshar, “Self-localization in arrays of defocusing wave-guides”, Opt. Lett. 18,
1147 (1993).
[26] H. S. Eisenberg, Y. Silberberg, R. Morandotti, A. R. Boyd, and J. S. Aitchison, “Discrete
Spatial Optical Solitons in Waveguide Arrays”, Phys. Rev. Lett. 81, 3383 (1998).
[27] T. Peschel, U. Peschel, and F. Lederer, “Discrete bright solitary waves in quadratically
nonlinear media”, Phys. Rev. E 57, 1127 (1998).
[28] N. K. Efremidis, S. Sears, D. N. Christodoulides, J. W. Fleischer, and M. Segev, “Discrete solitons in photorefractive optically induced photonic lattices”, Phys. Rev. E 66,
046602 (2002).
[29] N. K. Efremidis and D. N. Christodoulides, “Discrete Ginzburg-Landau solitons”, Phys.
Rev. E 67 (2003).
[30] E. A. Ultanir, G. I. Stegeman, and D. N. Christodoulides, “Dissipative photonic lattice
solitons”, Opt. Lett. 29, 845 (2004).
[31] H.S. Eisenberg, Y. Silberberg, R. Morandotti, and J.S. Aitchison,“Diffraction Management”, Phys. Rev. Lett. 85, 1863 (2000).
[32] T. Pertsch, T. Zentgraf, U. Peschel, A. Brauer, and F. Lederer, “Anomalous refraction
and diffraction in discrete optical systems”, Phys. Rev. Lett. 88, 093901 (2002).
159

[33] R. Iwanow, R. Schiek, G. I. Stegeman, T. Pertsch, F. Lederer, Y. Min, and W. Sohler,
“Observation of discrete quadratic solitons”, Phys. Rev. Lett. 93, 11902 (2004).
[34] J. W. Fleischer, M. Segev, N. K. Efremidis, and D. N. Christodoulides, “Observation
of two-dimensional discrete solitons in optically induced nonlinear photonic lattices”,
Nature 422, 147 (2003).
[35] R. Morandotti, H.S. Eisenberg, Y. Silberberg, M. Sorel, and J.S. Aitchison, “SelfFocusing and Defocusing in Waveguide Arrays”, Phys. Rev. Lett. 86, 3296 (2001).
[36] Y.S. Kivshar, “Self-localization in arrays of defocusing waveguides”, Opt. Lett. 18, 1147
(1993).
[37] D. Mandelik, H.S. Eisenberg, Y. Silberberg, R. Morandotti, and J.S. Aitchison, “Bandgap structure of waveguide arrays and excitation of Floquet-Bloch solitons”, Phys. Rev.
Lett. 90, 053902 (2003).
[38] E. A. Ultanir, G. I. Stegeman, D. Michaelis, C. H. Lange, and F. Lederer, “Stable
dissipative solitons in Kerr nonlinear waveguide arrays”, Phys. Rev. Lett. 90, (2003).
[39] M. J. Ablowitz, and Z. H. Musslimani, “Discrete vector spatial solitons in a nonlinear
waveguide array”, Phys. Rev. E 65 (2002).
[40] D.N. Christodoulides and E.D. Eugenieva, “Blocking and Routing Discrete Solitons
in Two-Dimensional Networks of Nonlinear Waveguide Arrays”, Phys. Rev. Lett. 87,
233901 (2001).
[41] O. Bang, and P. D. Miller, “Exploiting discreteness for switching in waveguide arrays”,
Opt. Lett. 21, 1105 (1996).
[42] O. Bang, and P. D. Miller, “Exploiting discreteness for switching in arrays of nonlinear
waveguides”, Phys. Scripta T67, 26 (1996).
[43] A. B. Aceves, C. De Angelis, S. Trillo, and S. Wabnitz, “Storage and steering if selftrapped discrete solitons in nonlinear wave-guide arrays”, Opt. Lett. 19 332 (1994)
[44] A. B. Aceves, C. De Angelis, G. G. Luther, A. M. Rubenchik, and S. K. Turitsyn,
“All-optical-switching and pulse amplification and steering in nonlinear fiber arrays”,
Physica D 87, 262 (1995).
[45] A. B. Aceves, C. De Angelis, T. Peschel, R. Muschall, F. Lederer, S. Trillo, and S.
Wabnitz, “Discrete self-trapping, soliton interactions and beam steering in nonlinear
waveguide arrays”, Phys. Rev. E 53, 1172 (1996).
[46] W. Krolikowski and Y. S. Kivshar, “Soliton-based optical switching in waveguide arrays”, J. Opt. Soc. Am. B 13, 876 (1996).
[47] T. Pertsch, U. Peschel, and F. Lederer, “All-optical switching in quadratically nonlinear
waveguide arrays”, Opt. Lett. 28 102 (2003).
160

[48] J. Meier, J. Hudock, D. Christodoulides, G. Stegeman, Y. Silberberg, R. Morandotti,
and J. S. Aitchison, “Discrete vector solitons in Kerr nonlinear waveguide arrays”, Phys.
Rev. Lett. 91 143907 (2003).
[49] K. G. Makris, S. Suntsov, D. N. Christodoulides, and G. I. Stegemen, “Discrete surface
solitons”, Opt. Lett. submitted (2005).
[50] J. Hudock and D. N. Christodoulides, “Vector discrete nonlinear surface waves”, Opt.
Exp. submitted (2005).
[51] C. Lin, H. Kogelnik, and L. G. Cohen, “Optical-pulse equatization of low-dispersion
transmission in single-mode fibers in the 1.3-1.7-µm spectral range”, Opt. Lett. 5 476
(1980).
[52] F. M. Knox, W. Forysiak, and N. J. Doran, “10-Gbt/s soliton communication systems
over standard fiber at 1.55 µm and the use of dispersion compensation”, IEEE J. Lightwave Technol. 13, 1955 (1995).
[53] I. R. Gobitov and S. K. Turitsyn, “Averaged pulse dynamics in a cascaded transmission
system with passive dispersion compensation”, Opt. Lett. 21, 327 (1996).
[54] N. J. Smith, F. M. Knox, N. J. Doran, K. J. Blow, and I. Bennion, “Enhanced power
solitons in optical fibers with periodic dispersion management”, Electron. Lett. 32, 54
(1996).
[55] J. Hudock, N. K. Efremidis, and D. N. Christodoulides, “Anisotropic diffraction and
elliptic discrete solitons in two-dimensional waveguide arrays”, Opt. Lett. 29 268 (2004).
[56] J. Hudock, P. G. Kevrekidis, B. A. Malomed, and D. N. Christodoulides, “Discrete
vector solitons in two-dimensional waveguide arrays: solutions, stability, and dynamics”,
Phys. Rev. E 67, 056618 (2002).
[57] J. C. Maxwell, “A dynamical theory of the electromagnetic field”, Phil. Trans. R. Soc.
Lon. 155, 459 (1865).
[58] A. W. Snyder and J. D. Love Optical Waveguide Theory (Chapman and Hall, New York,
1983).
[59] A. Yariv and P. Yeh, Optical Waves in Crystals (John Wiley & Sons, New York, 1984).
[60] G. P. Agrawal, Nonlinear Fiber Optics (Academic Press, San Diego, 1989).
[61] Y.R. Shen, The Principles of Nonlinear Optics (John Wiley & Sons, New York, 1984).
[62] R. W. Boyd, Nonlinear Optics (Academic Press, Boston, 1992).
[63] K. Okamoto, Fundamentals of Optical Waveguides (Academic Press, San Diego, 2000).
[64] C. C. Shang and H. Hsu, “The spatial symmetric forms of third-order nonlinear susceptibility”, IEEE J. Quant. Electron. QE-23, 177 (1987).
161

[65] R. G. Hunsperger, Ingegrated Opitcs Theory and Technology (Springer-Verlag, Berlin,
1995).
[66] E. A. J. Marcatili, “Dielectric rectangular waveguide and directional coupler for integrated optics”, AT&T Tech. J. 48, 2071 (1969).
[67] S. Somekh, E. Garmire, A. Yariv, H. L. Garvin and R. G. Hunsperger, “Channel optical
waveguide directional couplers”, Appl. Phys. Lett. 22, 46 (1973).
[68] H. S. Huang and H.-C. Chang, “Analysis of optical fiber directional coupling based on
the HE11 modes-Part II: The nonidentical-core case”, J. Lightwave Tech. 8, 832 (1990).
[69] H. Cory and E. Segall, “Coupling between dissimilar circular dielectric wveguides”,
Optik 100, 100 (1995).
[70] M. Liu, K. S. Chiang, and P. Shum, “Evaluation of the intermodal dispersion n a twocore fiber with non-identical cores”, Opt. Comm. 219, 171 (2003).
[71] D. K. Cheng, Fundamentals of Engineering Electromagnetics (Addison-Wesley, New
York, 1993).
[72] S. M. Jensen, “The non-linear coherent coupler”, IEEE J. Quant. Electron. 18, 1580
(1982).
[73] Y. Silberberg and G. I. Stegeman, “Nonlinear coupling of modes - A new approach to
all-optical guided wave devices”, J. Opt. Soc. Am. A 3 P41 (1986).
[74] Y. Silberberg and G. I. Stegeman, “Nonlinear coupling of wave-guide modes”, Appl.
Phys. Lett. 50, 801 (1987).
[75] F. J. Fraile-Pelaez and G. Assanto, “Coupled-mode equations for nonlinear directionalcouplers”, Appl. Opt. 29, 2216 (1990).
[76] F. J. Fraile-Pelaez and G. Assanto, “Improved coupled-mode analysis of nonlinear distributed feedback structures” Opt. Quant. Electron. 23, 633 (1991).
[77] S. Trillo, S. Wabnitz, E. M. Wright, and G. I. Stegeman, “Soliton switching in fiber
nonlinear directional couplers”, Opt. Lett. 13, 672 (1988).
[78] S. Trillo and S. Wabnitz, “Nonlinear nonreciprocity in a coherent mismatched directional
coupler”, Appl. Phys. Lett. 49, 752 (1986)
[79] J. S. Aitchison, A. Villeneuve, and G. I. Stegeman, “Nonlinear directional couplers in
AlGaAs”, J. Nonlin. Opt. Phys. 4, 871 (1995).
[80] A. M. Weiner, Y. Silberberg, H. Fouckhardt, D. E. Leaird, M. A. Saifi, M. J. Andrejco,
and P. W. Smith, “Use of femtosecond square pulses to avoid pulse breakup in all-optical
switching”, IEEE J. Quant. Electron. 25, 2648 (1989).

162

[81] S. R. Friberg, Y. Silberberg, M. K. Oliver, M. J. Andrejco, M. A. Saifi and P. W. Smith,
“Ultrafast all-optical switching in a dual-core fiber nonlinear coupler”, Appl. Phys. Lett.
51, 1135 (1987)
[82] P. LikamWa, A. Miller, C. B. Park, J. S. Roberts, and P. N. Robson, “All-optical
switching of picosecond pulses in a GaAs quantum well waveguide coupler”, Appl. Phys.
Lett. 57, 1846 (1990).
[83] R. Jin, J. P. Sokoloff, P. A. Harten, C. L. Chuang, S. G. Lee, M. Warren, H. M.
Gibbs, N. Peyghambarian, J. N. Polky, and G. A. Pubanz, “Ultrafast modulation with
subpicosecond recovery-time in Gaas/Algaas nonlinear directional coupler”, Appl. Phys.
Lett. 56, 993 (1990).
[84] P. R. Berger, Y. Chen, P. Bhattacharya, J. Pamulapati, and C. G. Vezzoli, “Demonstration of all-optical modulation in a vertical guided-wave nonlinear coupler”, Appl.
Phys. Lett. 52, 1125 (1988).
[85] M. Remoissent, Waves called solitons: concepts and experiments (Springer-Verlag,
Berlin, 1996).
[86] P. S. J. Russell, “Optics of Floquet-Bloch waves in dielectric gratings”, Appl. Phys. B
B39, 231 (1986).
[87] P. S. J. Russell, “Interference of integrated Floquet-Bloch waves”, Phys. Rev. A 33,
3232 (1986).
[88] V. E. Zakharov and A. B. Shabat, “Exact theory of two-dimensional self-focusing and
one-dimensional self-modulation of waves in nonlinear media”, Sov. Phys. JETP 34, 62
(1972).
[89] V. E. Zakharov, “Stability of periodic waves of finite amplitude on the surface of a deep
fluid”, J. Appl. Mech. Tech. 9, 506 (1967).
[90] F. Lederer, and J. S. Aitchison, “Discrete solitons in nonlinear waveguide arrays”, in
Optical Solitons: Theoretical Challenges and Industrial Perspectives, V. E. Zakharov
and S. Wabnitz (eds) (Springer, Berlin, 1998), p. 349-365.
[91] G.I. Stegeman and M. Segev, “Optical Spatial Solitons and Their Interactions: Universality and Diversity”, Science 286, 1518 (1999).
[92] D.N. Christodoulides and R.I. Joseph, “Vector solitons in birefringent nonlinear dispersive media”, Opt. Lett. 13, 53 (1988).
[93] M. Haelterman, A. P. Sheppard, and A. W. Snyder, “Bound-vector solitary waves in
isotropic nonlinear dispersive media”, Opt. Lett. 18, 1406 (1993).
[94] Y. Silberberg and Y. Barad, “Rotating vector solitary waves in isotropic fibers”, Opt.
Lett. 20, 246 (1995).

163

[95] J.U. Kang, G.I. Stegeman, J.S. Aitchison, and N. Akhmediev, “Observation of Manakov
Spatial Solitons in AlGaAs Planar Waveguides”, Phys. Rev. Lett. 76, 3699 (1996).
[96] M. Mitchell, M. Segev, and D.N. Christodoulides, “Observation of Multihump Multimode Solitons”, Phys. Rev. Lett. 80, 4657 (1998).
[97] Z. Chen, M. Segev, T.H. Coskun, and D.N. Christodoulides, “Observation of incoherently coupled photorefractive spatial soliton pairs”, Opt. Lett. 21, 1436 (1996).
[98] F. Lederer, S. Darmanyan, and A. Kobyakov, “Discrete Solitons”, in Spatial Optical
Solitons, S. Trillo and W.E. Torruellas (eds) (Springer-Verlag, New York, 2001).
[99] S. Darmanyan, A. Kobyakov, E. Schmidt, and F. Lederer, “Strongly localized vectorial
modes in nonlinear waveguide arrays”, Phys. Rev. E 57, 3520 (1998).
[100] T. Peschel, U. Peschel, and F. Lederer, “Discrete bright solitary waves in quadratically
nonlinear media”, Phys. Rev. E 57, 1127 (1998).
[101] J. S. Aitchison, D. C. Hutchings, J. U. Kang, G. I. Stegeman, and A. Villeneuve, “The
nonlinear optical properties of AlGaAs at the half band gap”, IEEE J. Quant. Electron.
33, 341 (1997).
[102] E.A. Ostrovskaya, N.N. Akhmediev, G.I. Stegeman, J.U. Kang, and J.S. Aitchison,
“Mixed-mode spatial solitons in semiconductor waveguides”, J. Opt. Soc. Am. B 14,
880 (1997).
[103] R. Malendevich, L. Friedrich, G.I. Stegeman, J.M. Soto-Crespo, N.N. Akhmediev, J.S.
Aitchison, “Radiation-related polarization instability of Kerr spatial vector solitons”, J.
Opt. Soc. Am. B 19, 695 (2002).
[104] H.G. Winful, “Polarization instabilities in birefringent nonlinear media: application to
fiber-optic devices”, Opt. Lett. 11, 33 (1986).
[105] S. Trillo, S. Wabnitz, R.H. Stolen, G. Assanto, C.T. Seaton, and G.I. Stegeman, “Experimental observation of polarization instability in a birefringent optical fiber ”, Appl.
Phys. Lett. 49, 1224 (1986).
[106] W. J. Tomlinson, “Surface wave at a nonlinear interface”, Opt. Lett. 5, 323, (1980).
[107] N. N. Akhmediev, Sov. Phys. JETP 56, 299 (1982).
[108] F. Lederer, U. Langbein, and H.-E. Ponath, Appl. Phys. B 31, 69 (1983).
[109] G.I. Stegeman, C.T. Seaton, J. Chilwell, and S.D. Smith, “Nonlinear waves guided by
thin films”, Appl. Phys. Lett. 44, 830 (1984).
[110] H. Vach, G.I. Stegeman, C.T. Seaton, and I.C. Khoo, “Observation of intensitydependent guided waves”, Opt. Lett. 9, 238 (1984).

164

[111] U. Langbein, F. Lederer, T. Peschel, and H.-E. Ponath, “Nonlinear guided waves in
saturable nonlinear media”, Opt. Lett. 10, 571 (1985).
[112] R.I. Joseph and D.N. Christodoulides, “Exact field decomposition for TM waves in
nonlinear media”, Opt. Lett. 12, 826, (1987).
[113] L. G. Cohen, C. Lin, and W. G. French, “Tailoring zero chromatic dispersion into the
1.5-1.6 mu-m low-loss spectral region of single mode fibers”, Electron. Lett. 15, 334
(1979).
[114] G. P. Agrawal, “Applications of Nonlinear Fiber Optics”, (Academic Press, San Diego,
2001).
[115] J. C. Eilbeck, P. S. Lomdahl, and A. C. Scott, “The discrete self-trapping equation”,
Physica D 16, 318 (1985).
[116] J. Carr and J. C. Eilbeck, “Stability of stationary solutions of the discrete self-trapping
equation”, Phys. Lett. A 109, 201 (1985).
[117] M. Johansson and S. Aubry, “Growth and decay of discrete nonlinear Schrödinger
breathers interacting with internal modes or standing-wave phonons” Phys. Rev. E 61,
5864 (2000).
[118] P. G. Kevrekidis, K.Ø. Rasmussen and A. R. Bishop, “Two-dimensional discrete
breathers: Construction, stability, and bifurcations”, Phys. Rev. E 61, 2006 (2000).
[119] P. G. Kevrekidis, K.Ø. Rasmussen and A. R. Bishop, “Comparison of one-dimensional
and two-dimensional discrete breathers”, Mathematics and Computers in Simulation
55, 449 (2001).
[120] B. A. Malomed, I. M. Skinner, P. L. Chu, and G. D. Peng, “Symmetric and asymmetric
solitons in twin-core nonlinear optical fibers”, Phys. Rev. E 53, 4084 (1996).
[121] Y. Li and K. Promislow, “Structural stability of non-ground state traveling waves of
couple nonlinear Schrödinger equations”, Physica D 124, 137 (1998).
[122] Y. Li and K. Promislow, “The mechanism of the polarizational mode instability in
birefringent fiber optics”, SIAM J. Math. Anal., 31, 1351 (2000).
[123] M. Johansson and Yu.S. Kivshar, “Discreteness-induced oscillatory instabilities of dark
solitons”, Phys. Rev. Lett. 82, 85 (1999).
[124] A.M. Morgante, M. Johansson, G. Kopidakis and S. Aubry, “Oscillatory instabilities of
standing waves in one-dimensional nonlinear lattices ”, Phys. Rev. Lett. 85, 550 (2000).
[125] P.G. Kevrekidis, A.R. Bishop and K.Ø. Rasmussen, “Twisted localized modes”, Phys.
Rev. E 63, 036603 (2001).
[126] J.-C. van der Meer, “Hamiltonian Hopf bifurcation with symmetry”, Nonlinearity 3,
1041 (1990).

165

